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ABSTRACT
DESIGN, SYNTHESIS, AND POLYMERIZATION OF NOVEL HETEROCYCLIC
MONOMERS AS PRECURSORS FOR FUNCTIONAL
POLYESTERS, POLY(ESTER AMIDE)S AND POLYAMIDES
by Eylem Tarkin-Tas
August 2010
The research presented in this dissertation involves the synthesis and
polymerization of heterocyclic monomers which pave the way to biodegradable polyester
nanocomposites, functional polyesters or poly(ester amide)s, functional polyamides and
supramolecular polymers. The key monomers are ε-caprolactone, γ-acetamido-εcaprolactone, γ-ethylene ketal-ε-caprolactam and α-amino-ε-caprolactam.
Poly(ε-caprolactone) organo-modified montmorillonite nanocomposites were
prepared by in-situ polymerization using dibutyltin dimethoxide as initiator/catalyst. The
montmorillonite was first modified with 1-decyl-2-methyl-3-(11-hydroxyundecyl)imidazolium cation. The hydroxyl functionality was used for not only initiating polymer
chains from the surface of the clay platelets but also for grafting polymer chains to the
surface by acting as a reversible chain transfer agent. The molecular weight of polymer
chains was controlled by the ratio of monomer to hydroxyl groups. XRD and TEM
studies confirmed that highly exfoliated nanostructures were formed. The amount of
inorganic component did not affect thermal behavior of the polymer matrix by DSC or
TGA. The highly exfoliated clay sheets acted as nucleating agents and increased the
degree of crystallinity. DMA revealed an enhancement of storage modulus with
increasing clay content above the glass transition temperature. The average
ii

mineralization (biodegradation) of the test materials in marine environment was
measured by respirometry experiments. The results revealed improved biodegradation
rates for the nanocomposites compared to those of the neat polymer. There appears a
trend between the addition levels of the organically modified clay and the rate of
biodegradation. This can be attributed to highly exfoliated morphology of
nanocomposites in which the confinement of polymer chains between the silicate layers
is avoided. In addition, the nanocomposites with lower degrees of polymerization are
more prone to biodegradation.
γ-Acetamido-ε-caprolactone was synthesized in very good yield in five steps
starting from 1,4-cyclohexandione monoethylene ketal. The molecular geometry and
conformation are discussed based on variable temperature NMR, proton exchange and
NOESY experiments. The data suggest that an intramolecular hydrogen-bond exists
between the amide proton and the lactone carbonyl. The presence of such a 7-membered
intramolecular hydrogen-bond effects molecular geometry and further reactivity of the
compound. Despite its lower polymerization reactivity compared to the unsubstituted
analog, ε-caprolactone, γ-acetamido-ε-caprolactone has great potential for generating a
large library of new materials as indicated by select examples described here.
A functional derivative of ε-caprolactam, 5-azepane-2-one-ethylene ketal or γethylene ketal-ε-caprolactam, has been synthesized by a very straightforward and highly
efficient Beckmann rearrangement reaction. Homopolymers of this new monomer and its
copolymers with ε-caprolactam have been synthesized by anionic ring opening
polymerization using N-acetyl-ε-caprolactam and NaH. The ketone groups can be easily
released by deacetalyzation, and subsequent reaction leads to complete reduction to
iii

hydroxyl pendant groups. The ketone containing (co)polymers impart sensitivity to both
thermal and photo-crosslinking in this novel class of materials. These new aliphatic
polyamides bearing either ketone or hydroxyl pendant groups provide entries into a large
number of application areas.
Hydrogen-bonded supramolecular polymers were prepared from the derivatives of
α-amino-ε-caprolactam, obtained from lysine, a renewable resource. Several selfcomplementary monomers were synthesized by varying the number of carbons in the
spacer between the hydrogen-bonding end groups. Macroscopic properties of these
hydrogen-bonded supramolecular polymers were clearly demonstrated by differential
scanning colorimetry, solid state NMR and X-ray powder diffraction analyses. The
supramolecular behavior was also supported by the fiber formation from the melts of
these compounds. Stable glassy copolymers were prepared from the physical mixtures of
two different biscaprolactams. The hydrogen-bonding ability of these compounds was
also utilized by incorporation of α-amino-ε-caprolactam at the chain ends of low
molecular weight Jeffamine (Mn=900 g/mol) through urea or amide linkages. The
transformation of a liquid at room temperature into an elastic transparent film clearly
showed the improvement in mechanical properties with the introduction of these
hydrogen-bonding groups. Last, the use of monomers with a functionality of four gave
rise to network formation and materials with enhanced properties.
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CHAPTER I
INTRODUCTION
Polymers bearing functional groups have become increasingly important in both
academia and industry. The available reactive groups can be used for tuning the
properties of the polymers such as hydrophilicity, crystallinity, rate of biodegradation,
biocompatibility and bioadhesion. In addition, the functional groups can be used to attach
other compounds, such as drugs, recognition agents, adhesion promoters and probes.1-4
A wide variety of cyclic monomers have been successfully polymerized by ringopening polymerization (ROP). Ionic ROPs are generally initiated by the same types of
initiators used for the anionic and cationic polymerization of vinyl monomers. Most of
the cationic ROP involve the formation and propagation of oxonium ion centers which
involves the nucleophilic attack of monomer on the oxonium ion. The anionic ROP
involves the formation and propagation of anionic centers by nucleophilic attack of the
propagating anion on monomer.5
Recent developments in catalysts and initiators for living polymerization have
enabled the production of polyesters with controlled chain lengths and alternative
architectural structures such as random and copolyester stars, brushes, cyclics, and
crosslinked polymers. These materials have been investigated as means to improve the
mechanical properties, hydrophilicity, and degradability of polyesters. The mechanism of
the polymerization, whether carbocationic, anionic or coordination-insertion, depends on
the type of initiator. In general, anionic and coordination-insertion ring-opening
polymerizations yield well-defined polymers and copolymers with high molecular
weight.6 For example, polymerization of lactams can be initiated by anions, cations and
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water. The polymerization of ε-caprolactam involves either water initiated (hydrolytic) or
strong base initiated (anionic) ring opening polymerization of ε-caprolactam. While the
hydrolytic polymerization of ε-caprolactam is the most important for commercial
production of PCL, high molecular weight polymer with defined end groups can be
produced very rapidly via anionic polymerization.7
The typical pathway to functional polymers is based on functional monomers
which are capable of polymerization. However, the functional groups must be selected or
protected in such a way that they do not interfere with the polymerization mechanism.
The paucity of examples for the functional polymers is generally due to difficulties in
synthesis of new monomers which are generally obtained by rather complex and timeconsuming procedures. There are several examples of substituted cyclic monomers which
are precursors for functional aliphatic polyesters and polyamides. The examples selected
here are functional caprolactone and caprolactam derivatives.
The synthesis of heterocyclic compounds (ether, amine, ester and amide
precursors for polymers) can be achieved by either ring closure or ring expansion
reactions. Both synthetic pathways have their own challenges. Ring formation via an
intramolecular reaction requires a bifunctional starting material such as an hydroxy acid
for the synthesis of lactones. However, cyclization reactions suffer from competition with
head-to-tail condensation reactions of functional groups. Such polymerizations are
intermolecular second order reactions, whereas cyclization is first order. Hence,
cyclization is favorable only at low concentrations. In other words, high dilution
conditions are required to reduce the probability of intermolecular reactions. The ring
expansion reaction, on the other hand, involves simultaneous bond cleavage and new
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bond formation. Therefore, the reactants and the reaction conditions should be carefully
adjusted in such a way that other rearrangement reactions do not take place. In addition,
the ring expansion reaction is limited to availability of the appropriate cyclic starting
compounds.8
Lactones are important industrial intermediates that find application in the
production of polymers. A simple and convenient route to this class of compounds
involves the Baeyer-Villiger oxidation of the corresponding ketones, commonly carried
out using peroxy oxidants such as persulfuric acid, perbenzoic acid, mcholoroperoxybenzoic acid and hydrogen peroxide. With a worldwide production of 30
million pounds per year, the largest volume lactone, ε-caprolactone, is produced from
cyclohexanone using Baeyer-Villiger oxidation.9 Poly(ε-caprolactone) is a biodegradable
aliphatic polyester, which is synthesized by ring-opening polymerization of εcaprolactone. It can be degraded by microorganisms and undergoes facile hydrolysis. Its
physical properties (a linear, flexible and partially crystalline polyester) and commercial
availability make it very attractive not only as a substitute for non-degradable polymers
but also for application in medical devices, drug delivery systems and food packaging.
However, property limitations of PCL arise from its low melting temperature and weak
mechanical properties.10 Recently, there has been increasing interest in synthesizing
functional lactones as precursors for functional aliphatic polyesters and co-polyesters.
Examples have been reported contains protected hydrophilic groups,11 halogens12 or
halogenated groups,13 ketone groups,14 as well as unsaturated15,16 and saturated alkyl
groups.17-21 Most have been synthesized by Baeyer-Villiger oxidation of cyclic ketones
with the appropriate substituent.
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The Beckmann rearrangement is another important and useful transformation in
organic chemistry. Lactams can be synthesized from the cyclic oxime derived from the
corresponding ketone. The reaction generally requires high temperatures and strongly
acidic and dehydrating media.22 For example, the Beckmann rearrangement of
cyclohexanone oxime to ε-caprolactam, the precursor to nylon 6, is traditionally carried
out using fuming sulfuric acid as a catalyst. Poly(ε-caprolactam) or nylon 6 prepared
from ring opening polymerization of ε-caprolactam possess excellent tensile, flexural and
compressive strengths as well as resistance to abrasion and chemicals due to a high
degree of crystallinity and strong intermolecular hydrogen bonding.7 To date, there are
only a few reports on polyamides that are formed from the ring opening polymerization
of ε-caprolactam derivatives with functional groups. Reimschuessel et al. reported the
synthesis and polymerization of β-carboxymethyl-ε-caprolactam.24 The product of the
thermal polymerization of β-carboxymethyl caprolactam gave poly[(2,6-dioxo-1,4piperidinediyl)trimethylene] as a hard crystalline polymer with melting temperature of
280 °C. Thus, instead of polyamide with carboxylic acid pendant groups, a novel linear
polyimide was obtained from isomerization polymerization. Racemic and optically active
γ-tert-butoxymethyl-ε-caprolactam was polymerized by Overberger et al.25 The low
molecular weight hydroxymethyl substituted polyamides were soluble in polar solvents
such as methanol, ethanol and 2,2,2-trifluoroethanol. A modified poly(ε-caprolactam)
containing sulfonate pendant groups has been reported by Nijenhuis et al.26 While the
phenyl sulfonate pendant groups did not affect the thermal properties of the polymer, it
showed a higher zero shear melt viscosity. In addition, γ-Carboxyethyl-ε-caprolactam and
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γ-aminoethyl-ε-caprolactam were used for the synthesis of hyperbranched aliphatic
polyamides.27
The research presented in this dissertation involves the synthesis and
polymerization of heterocyclic monomers which lead to formation of biodegradable
polyester nanocomposites, functional polyesters or poly(ester amide)s, functional
polyamides and supramolecular polymers. The chemical structures of key monomers are
given in Figure 1.1 and summary of each chapter is introduced below.
Chapter III O

Chapter II
O

O
O
HN
O

ε-caprolactone

γ-acetamido-ε-caprolactone

Chapter V

Chapter IV
O

O

NH
H2N
O

NH

O

γ-ethylene ketal-ε-caprolactam

α-amino-ε-caprolactam

Figure 1.1. Chemical structures of the heterocyclic monomers.
Chapter II
ε-Caprolactone, a commercially available lactone was used for the preparation of
biodegradable polyester nanocomposites. Poly(ε-caprolactone) based organo-modified
montmorillonite nanocomposites were prepared by in-situ polymerization using
dibutyltin dimethoxide as initiator/catalyst. The montmorillonite was first modified with
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1-decyl-2-methyl-3-(11-hydroxyundecyl)imidazolium cation, a novel alkyl-imidazolium
surfactant bearing a terminal hydroxyl group on a long alkyl chain. The effect of
surfactant on polymer conversion and molecular weight, polymer grafting efficiency and
final nanocomposite properties was evaluated. In addition, the biodegradation of the
nanocomposites in the marine environment was examined through respirometry
experimentation by following ASTM D6691-01.
Chapter III
A ε-caprolactone derivative with an N-acetyl amide substituent at the γ-position
was synthesized by Baeyer-Villeger oxidation. γ-Acetamido-ε-caprolactone was
synthesized in very good yield in five steps starting from 1,4-cyclohexandione
monoethylene ketal. Herein, we describe the synthesis, characterization, and
conformational analysis of γ-acetamido-ε-caprolactone as a platform for a library of new
compounds with potential for use in a variety of applications.
Chapter IV
A functional derivative of ε-caprolactam, 5-azepane-2-one-ethylene ketal or γethylene ketal-ε-caprolactam, has been synthesized by a very straightforward and highly
efficient Beckmann rearrangement reaction. Homopolymers of this new monomer and its
copolymers with ε-caprolactam have been synthesized by anionic ring opening
polymerization using N-acetyl-ε-caprolactam and NaH. The ketone groups can be easily
released by deacetalyzation, and subsequent reaction leads to complete reduction to
hydroxyl pendant groups. The ketone containing (co)polymers impart sensitivity to both
thermal and photo-crosslinking in this novel class of materials.
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Chapter V
α-Amino-ε-caprolactam was synthesized from the ring closure reaction of Llysine monohydrochloride, a renewable resource. The hydrogen-bonding ability of αamino-ε-caprolactam was utilized for the preparation of supramolecular polymers.
Several self-complimentary monomers were synthesized from α-amino-ε-caprolactam by
a one-step high-yielding procedure. The macroscopic properties of hydrogen-bonded
supramolecular polymers formed from these monomers were evaluated.
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CHAPTER II
POLY(ε-CAPROLACTONE)/ORGANICALLY MODIFIED MONTMORILLONITE
NANOCOMPOSITES
Abstract
Poly(ε-caprolactone)/organo-modified montmorillonite nanocomposites were
prepared by in-situ polymerization using dibutyltin dimethoxide as initiator/catalyst. The
montmorillonite was first modified with 1-decyl-2-methyl-3-(11-hydroxyundecyl)
imidazolium cation. The hydroxyl functionality was used for not only initiating polymer
chains from the surface of the clay platelets but also grafting polymer chains to the
surface by acting as a reversible chain transfer agent. The molecular weight of polymer
chains was controlled by the ratio of monomer to hydroxyl content. XRD and TEM
studies confirmed that highly exfoliated nanostructures were formed. The amount of
inorganic component did not affect thermal behavior of the polymer matrix by DSC or
TGA. The highly exfoliated clay sheets acted as nucleating agents and increased the
degree of crystallinity, from 51 to 69% at 5 wt-%. DMA revealed an enhancement of
storage modulus with increasing clay content above the glass transition temperature. In
addition, the biodegradation behavior of nanocomposites was investigated. The average
mineralization of the test materials in marine environment was measured by respirometry
experiments. The results revealed improved biodegradation rates for the nanocomposites
compared to those of neat polymer. There appears a trend between the addition levels of
the organically modified clay and the rate of biodegradation. This can be attributed to
highly exfoliated morphology of nanocomposites in which the confinement of polymer

11
chains between the silicate layers is avoided. In addition, the nanocomposites with lower
degree of polymerization are more prone to biodegradation.
Introduction
In the field of high performance materials, biodegradable polymer
nanocomposites have been gaining interest because of their improved mechanical
properties, barrier resistance, flame retardancy, solvent uptake, and rate of
biodegradability as compared to pristine polymers. The utility of layered silicate clays
such as montmorillonite to enhance polymer properties is based on their high surface
area-to-volume ratio and ability to interact with the polymer matrix.1
The clay sheets naturally occur in stacks. Thus, to become effective reinforcing
agents, they must be well dispersed in the polymer matrix. Unfortunately, due to their
hydrophilic nature, homogeneously dispersing them throughout polymer is not easy.
However, organically modified clays are more organophilic and thus more compatible
with polymer matrices. This is generally achieved by an ion-exchange reaction of the
surface-bound inorganic cation with an organic onium ion, such as phosphonium2 or
ammonium cations.3 These oniums generally possess either long alkyl chains or chains
bearing functional groups able to either interact with the polymer or to initiate in-situ
polymerization.
The preparation of polymer nanocomposites is accomplished mainly by three
processes. The most economical and straightforward method is dry blending of
components at pre-determined compositions followed by melt mixing or extrusion.4-6
Alternatively, intercalation of polymer chains into the silicate layers can be accomplished
from solvent dispersions or solutions.7,8 The most efficient method, however, involves
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intercalation of monomer into the platelets followed by polymerization; this is also called
“in-situ polymerization”.9 These methods result in either intercalated or exfoliated
morphologies, or to a mixture of two or more nanostructures, depending on the
preparation conditions and the level of interaction of polymer matrix and clay. In
intercalated structures, a few polymer chains are inserted between the clay layers without
destroying their regularly alternating structure. In exfoliated structures, the stacks are
delaminated, and the individual clay sheets are dispersed randomly throughout the
polymer matrix. In general, exfoliation of the layers yields nanocomposites with better
properties as compared to intercalated structures, and thus exfoliated morphologies are
generally targeted.1
Poly(ε-caprolactone) (PCL) is a biodegradable aliphatic polyester synthesized by
ring-opening polymerization (ROP) of ε-caprolactone. It can be degraded by both
microorganisms and facile hydrolysis. Although it is biodegradable in several biological
environments, PCL generally has a slower biodegradation rate as compared to
biopolyesters and starch. The degradation mechanism of PCL starts by the hydrolysis of
the polymer chain via ester bond cleavage, with further degradation leading to products
which are normal intermediates of cell metabolism.10 PCL’s physical properties (a linear,
flexible and partially crystalline polyester) and commercial availability make it very
attractive not only as a substitute for non-degradable polymers but also in medical
devices, drug delivery systems and food packaging. Property limitations of PCL arise
from its low melting temperature and weak mechanical properties. The former can be
addressed by blending with other polymers or by crosslinking. PCL-based
nanocomposites can potentially improve PCL’s thermal stability, mechanical properties,
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barrier properties and solvent resistance. Most attempts to date have used
montmorillonite owing to its widespread availability, low cost and environmentally
friendliness.11 Although the biodegradation studies of PCL12-15 its polymer blends16,17 and
composites18,19 have been reported, there are a few reports on biodegradation behavior of
PCL/layered silicate nanocomposites.20-22
Recently, the synthesis of PCL/montmorillonite nanocomposites by both melt
intercalation and in-situ polymerization methods was reported by Dubois and
coworkers.23-30 PCL based nanocomposites were prepared with different relative
compositions of montmorillonite, both natural and organo-modified by various alkyl
ammonium cations. The results showed that intercalated nanostructures were obtained by
melt intercalation only when organically modified montmorillonite was used, while the
in-situ polymerization method gave better dispersions even with the unmodified natural
clay. In general, near-to-exfoliated morphology was achieved when the natural clay was
modified with hydroxyl group-containing alkyl ammonium cations, which initiate the
ring-opening polymerization of ε-caprolactone.
The alkyl ammonium cations used for the preparation of polymer/organo-clay
nanocomposites generally exhibit poor thermal stability, especially when preparing
nanocomposites by the melt intercalation method. Thermal degradation studies of alkylimidazolium salts and alkyl-imidazolium modified montmorillonite showed greater
thermal stability as compared to all alkyl-quaternary ammonium montmorillonite.31
Polystyrene,32-34 polyamide 6, poly(ethylene terephthalate),35 polypropylene36 and
poly(ethylene naphthalate)37 have been used to prepare nanocomposites with alkylimidazolium modified montmorillonite by in-situ polymerization, melt intercalation and
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solvent blending methods. However, there has been no effort to use alkyl-imidazolium
modified montmorillonite with the surfactant bearing reactive functional groups for
synthesis of polyester-based nanocomposites. In addition, among the functionalized
quaternary alkyl-ammonium surfactants used to date, there have been no reports on
terminal functional groups on the long-alkyl chains attached to the surfactant.
In this study, montmorillonite was treated with a novel alkyl-imidazolium
surfactant bearing a terminal hydroxyl group on a long alkyl chain. The effect of
surfactant on polymer conversion and molecular weight, polymer grafting efficiency and
final nanocomposite properties was evaluated. In addition, the biodegradation of the
nanocomposites in the marine environment was examined through respirometry
experimentation according to ASTM D6691-01 protocols.
Results and Discussion
Preparation of Nanocomposites
The synthesis of surfactant is schematically illustrated in Figure 2.1. The product
was isolated by filtration in excellent yield. The chemical structure of the surfactant was
confirmed by 1H and 13C NMR spectra obtained in CDCl3.

Figure 2.1. Synthesis of 1-decyl-2-methyl-3-(11-hydroxyundecyl)imidazolium bromide.
The montmorillonite was organically modified via ion-exchange reaction between
imidazolium and sodium cations with ~90% cation exchange efficiency. The organic
content of the organo-modified montmorillonite (OMMT) was determined to be 22 wt-%
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by TGA. The onset decomposition temperature of bulk surfactant, 218 °C, increased to
285 °C after incorporation onto montmorillonite. The PCL nanocomposites with 1, 2, 3, 4
and 5 wt-% OMMT content were prepared by in-situ polymerization in bulk. Dibutyltin
dimethoxide was used as an initiator/catalyst for coordination insertion polymerization in
which ring opening of ε-caprolactone (ε-CL) involves cleavage of the acyl-oxygen bond
and the alkoxide groups form alkyl ester end groups.38 Here the hydroxyl functionality of
the surfactant served as co-initiator/chain transfer agent39 which utilizes both “grafting
from” and “grafting to” techniques. The amounts of monomer and dibutyltin dimethoxide
were kept constant for each polymerization flask while the hydroxyl content was
increased by increasing the OMMT content. The polymerization medium became highly
viscous with increasing OMMT content. The crude products were dispersed in CHCl3
and centrifuged to remove the non-dispersed clay (not tethered to polymer chains). A
small amount of precipitate was observed but it could not be measured. These
observations indicate that almost all polymer chains are grafted onto clay surfaces and
almost all clay surfaces have significant amounts of bound polymer.
The formation of polymer was confirmed by solution 1H and 13C NMR, 13C solid
state NMR, and FTIR spectroscopy. The polymer chains were recovered via a reverse
ion-exchange reaction and molecular weights were determined by SEC. The theoretical
molecular weights of PCL in the nanocomposites were calculated by assuming that all
hydroxyl groups of surfactant on the clay and the alkoxide groups of dibutyltin
dimethoxide were active. Table 2.1 shows that the number average molecular weight
(Mn) decreases with increasing amount of OMMT. This indicates that PCL molecular
weight was, in fact, controlled by the hydroxyl content of bound surfactant. In addition,
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the narrow polydispersities (PDI values) are consistent with controlled initiation and
polymerization.
Table 2.1
Molecular Weight Determination

sample
PCL1
PCL2
PCL3
PCL4
PCL5

conversion
(%)
95
93
94
87
83

Mna
(g/mol)
27500
23300
20800
17200
14800

Mnb
(g/mol)
25400
24700
23400
19800
16700

PDIc
1.66
1.60
1.58
1.60
1.28

a

Mn= ([ε-CL]0/2[Sn]+[OH]) x Mε-CL x %conversion,
Mn determined by SEC
c
PDI = Mw / Mn
b

In order to confirm that the hydroxyl functionality of the surfactant participates in
ROP of ε-CL, PCL with a low degree of polymerization was synthesized by using the
same surfactant under the same conditions used for preparing PCL/OMMT
nanocomposites. Figure 2.2 shows the 1H NMR spectra of ε-CL, neat surfactant and PCL
synthesized by using surfactant as initiator (with a target degree of polymerization of 15).
The disappearance of the peak at 3.40 ppm in spectrum B and appearance of the peak at
4.22 ppm in spectrum C confirms conversion of the hydroxyl group of surfactant
molecules to ester linkages upon reaction with ε-CL or PCL. In addition, the integrated
area under the peak ‘e’ was equal to the area under peak ‘j’ which is the alcohol endgroup of this low DP PCL. The degree of polymerization determined from end-group
analysis was found to be 12.
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Figure 2.2. 1H NMR spectra of A) ε-CL B) surfactant and C) PCL (DP=12).
However, the characteristic ester peak, e, seen in the low molecular weight PCL
sample could not be seen clearly in 1H NMR spectra of nanocomposites in CDCl3. The
reason might be the presence of paramagnetic species in montmorillonite (such as Fe3+)
which can broaden NMR peaks. In addition, restricted mobility of surfactant bonded to
montmorillonite can also broaden bound peaks. Fortunately, after recovering the polymer
chains by reverse ion exchange, the corresponding peak was observed in the 1H NMR
spectrum at exactly the same ppm value of 4.22 (Figure 2.3). However, due to the high
molecular weight of the isolated PCL samples, the peak intensity was very low.
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Figure 2.3. 1H NMR spectrum of recovered PCL from PCL5.
Morphological Properties
X-ray diffraction is one of the most commonly used techniques for the initial
characterization of nanocomposites. XRD patterns of montmorillonite (MMT),
organomodified montmorillonite (OMMT), PCL nanocomposites, and neat PCL are
shown in Figure 2.4. The reflection at 2θ = 7.5°, with a corresponding d spacing of 11.8
Å, is due to the stacked clay layers of montmorillonite. When an intercalated
nanostructure is obtained, the characteristic peak of stacked layers tends to shift to the
lower angle region due to expansion of d spacing. Here, the d spacing value increased to
18.0 Å upon modification of clay with surfactant, indicating that the intercalation of
surfactant into the clay platelets occurred without destroying the regular alternating
stacking of clay layers. In contrast, the complete disappearance of the peak was observed
in the XRD patterns of the PCL nanocomposites due to loss of structural organization of
the silicate layers. The two sharp reflection peaks at 2θ = 21.3° and 23.7° (corresponding
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to the crystalline structure of PCL) also appeared in the diffraction patterns of PCL
nanocomposites at approximately the same 2θ values in all samples. Although the
disappearance of the reflection peak corresponding to stacked platelets indicates a
disordered structure, this does not provide sufficient information to determine whether
the clay platelets are fully exfoliated and evenly dispersed throughout the polymer
matrix. On the other hand, TEM analysis allows direct visualization of the morphology,
spatial distribution and dispersion of nanoparticles and platelets within the polymer
matrix.

Figure 2.4. A) XRD patterns of a) MMT; b) OMMT; c) PCL1; d) PCL3; e) PCL5 and f)
neat PCL B) expanded XRD patterns between 0 to 10o.

TEM images from two different regions of a melt-pressed film of PCL
nanocomposite with 5 wt-% OMMT content are shown in Figure 2.5. It is well known
that the morphology of the nanostructures is highly dependent on the interaction of the
surfactant with the polymer matrix and the method for preparation of nanocomposites.
Previous studies showed that near-to-exfoliated nanostructures could be achieved by
using alkyl-quaternary ammonium surfactants bearing hydroxyl ethyl or propyl groups
for in-situ intercalative polymerization of ε-CL.27,28,29 However, the hydroxyl
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functionality of these quaternary alkyl ammonium surfactants are on short alkyl chains
close to the clay surface. In this study, the surfactant contains the hydroxyl functionality
at the end of a long flexible alkyl chain which may provide better availability of
functional group for initiation of ROP of ε-CL. In other words, the mobility of the
terminal hydroxyl group on the long alkyl chain is not restricted by the clay surface
which in turn may allow the monomer or non-bonded PCL chains to easily react with it.
This can increase the grafting efficiency of polymer from the surface and lead to more
incorporation of polymer chains onto the clay platelets, which in turn can lead to better
exfoliation. The highly exfoliated morphology of the nanocomposites can be readily seen
in Figure 2.5, where the individual clay platelets are exfoliated and distributed throughout
the polymer matrix.

Figure 2.5. TEM images of PCL5 from two different sections.

Thermal Properties
The onset of thermal degradation temperatures (Td at 2 wt-% loss) of these
PCL/OMMT nanocomposites and commercial PCL were determined by thermal
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gravimetric analysis (TGA). The Td values of nanocomposites were very close to each
other, with no trend with increasing clay content observed. The increase in thermal
degradation temperature with increasing clay content has been generally observed for
intercalated nanocomposites.8,40,41 The reason may be related to loss of thermal mobility
and heat transfer ability of chains confined between the platelets. In this case, the clay did
not show any effect on degradation temperature due to its highly exfoliated morphology
which does not restrict thermal behavior or molecular mobility. Finally, the residual
weights above 400 oC were in accordance with the clay content.
The thermal properties of nanocomposites as well as commercial PCL were
further investigated by DSC. Both melting and crystallization processes of PCL were
detected in heating and cooling thermograms (Figure 2.6) of nanocomposites, which
indicates that the crystallization of the polymer chains was not inhibited by the inorganic
component. In fact, incorporation of even 1 wt-% clay results in an obvious increase in
crystallization temperature of PCL, consistent with the nanolayers nucleating PCL
crystallization.

Figure 2.6. A) Heating Thermograms (Exo Up) of a) PCL42500, b) PCL80000, c) PCL1,
d) PCL2, e) PCL3, f) PCL4, g) PCL5 B) Cooling Thermograms (Exo Up) of a)
PCL42500, b) PCL80000, c) PCL1, d) PCL2, e) PCL3, f) PCL4, g) PCL5.
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The TGA and DSC results are summarized in Table 2.2. The degree of
crystallinity was calculated by using an enthalpy of fusion (∆Hf ) for 100% crystalline
PCL of 136 J/g42 and normalizing by WPCL which is the wt-% of PCL in each
nanocomposite (i.e., for PCL1, the degree of crystallinity = (∆Hf,exp/(WPCL1x∆Hf,th)) x 100
where WPCL1=0.99). The results showed that both melting and crystallization
temperatures were affected by increasing clay content. In addition, an increase in degree
of crystallinity was observed with increasing clay content. Previous studies showed that
the degree of crystallinity is highly dependent on the morphology of nanocomposites. For
example, no melting and crystallization transitions were observed in DSC measurements
for PEO/montmorillonite nanocomposites in which all polymer chains were intercalated.
The bulk crystallization was effectively prohibited due to confinement of the polymer
chains between the layers.31 In other studies, even though the conventional melting and
crystallization curves of nanocomposites were obtained for intercalated nanocomposites
by DSC, the degree of crystallinity was either not affected or decreased with increasing
clay content. 25,43,44,45The thermal properties of PCL/organically modified
montmorillonite nanocomposites were specifically investigated by Pucciarieollo, et al.46
Their results showed that the presence of an organophilic clay increased the degree of
crystallinity of PCL when the nanocomposites were exfoliated, but reduced the degree of
crystallinity when the nanocomposites were intercalated. In this study, highly exfoliated
silicate layers throughout the PCL matrix increased the surface area but with virtually all
chains bound to the surfaces. This leads to a pre-organization of the chains near the
platelets that enhances nucleation and increases the degree of crystallinity with increasing
clay content.
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Table 2.2
Thermal Properties of PCL/OMMT Nanocomposites
sample
PCL42500
PCL80000
PCL1
PCL2
PCL3
PCL4
PCL5

Tm
(°C)
58
61
61
62
63
62
63

∆Hf
(J/g)
69.9
74.3
82.9
75.6
79.2
82.4
89.5

Tc
(°C)
18
19
31
30
30
30
32

∆Hf
(J/g)
65.1
69.0
77.6
79.3
72.8
75.5
82.7

crystallinity
(%)
51.3
54.6
61.6
56.7
60.0
63.1
69.3

Td
(°C)
342
363
227
210
227
219
227

Mechanical Properties
The morphology of polymer nanocomposites greatly influences its mechanical
properties, with exfoliated nanostructures having improved mechanical properties. In
addition, due to the reinforcing ability of crystalline domains, the mechanical properties
also tend to increase with degree of crystallinity. Figure 2.7 shows representative storage
modulus and tan δ curves as a function of temperature in the temperature range of –80 °C
to +40 °C. The DMA of PCL4 and PCL5 were not performed because their films were
brittle due to lower molecular weights of the PCL formed in these samples.
The average values of three measurements of storage modulus at –80, 0 and 30 °C
are listed in Table 2.3. For all nanocomposites the increase in storage modulus as
compared to neat commercial PCL42500 below the glass transition temperature is not
very high. Above the glass transition temperature, however, the storage moduli of
nanocomposites are significantly higher than that of PCL. Specifically, it is higher by
70%, 90% and 120% for PCL1, PCL2 and PCL3 at 0 °C. At 30 °C the increase is greater
at 80%, 120% and 150% for PCL1, PCL2 and PCL3, respectively. When compared to
PCL80000, the storage moduli of the nanocomposites are much lower at temperatures
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below Tg. However, above the glass transition temperature, there is a significant
improvement in storage modulus for the nanocomposites. This indicates that the
reinforcing ability of the silicate layers is more significant in the rubbery than the glassy
state.

Figure 2.7. A) Storage Modulus vs Temperature a) PCL80000, b) PCL42500, c) PCL1,
d) PCL2 and e) PCL3 B) tanδ vs Temperature a) PCL80000, b) PCL42500, c) PCL1, d)
PCL2 and e) PCL3.

Table 2.3
DMA Results
sample
PCL42500
PCL80000
PCL1
PCL2
PCL3

-80 °C
3361
7630
3551
3710
3842

storage moduli (MPa)
0 °C
30 °C
624
405
810
566
1039
739
1211
882
1369
1001

Tg (°C)
-42.4
-50.6
-42.3
-42.7
-41.9

The glass transition temperatures (Tg) of nanocomposites were not affected by the
clay content and were essentially the same as that of the lower molecular weight
commercial PCL. When the wt-% clay content in the nanocomposites is converted to vol-
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% (i.e., 1 wt-% ≅ 0.5 vol-%6), an effect of clay content on Tg would not be expected.
However, this also indicates that no confinement of polymer chains occurred which can
restrict the segmental mobility of polymer chains.
Biodegradation Behavior of Nanocomposites
Environmental factors such as temperature, oxygen, humidity, pH, microbial
composition, minerals, salts and nutrients affect the biodegradation process. Standard
laboratory test conditions should correlate to the real environmental response of polymers
in order to measure their degree of biodegradation. However, due to difficulty in
mimicking environmental factors in the laboratory, it is not straightforward to predict the
biodegradability. Fortunately, there are several standard test methods for assessing
biodegradation quantitatively depending on the biodegradation pathways; i.e., aerobic or
anaerobic biodegradation. If complete mineralization takes place, the measure of oxygen
uptake (biochemical oxygen demand, BOD) and CO2 for aerobic biodegradation or CO2
and CH4 production for anaerobic biodegradation can be used.48 According to ASTM
D7081-05, “Standard Specification for Non-Floating Biodegradable Plastics in the
Marine Environment”, 30% or more of the organic carbon in the plastics must be
converted to CO2 (mineralization) using ASTM D6691 within 180 days of testing at 30
°C. This is just one of the requirements for a material to be classified as “marine
biodegradable”.
The plots shown below (Figure 2.8-14) represent the CO2 evolution and average
mineralization of the test samples as a function of time. The time period of the
respirometric study was 120 days.
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Figure 2.8. PCLa (Mn=42,500 g/mol).

Figure 2.9. PCLb (Mn =80,000 g/mol).

Figure 2.10. PCL1 (Mn =50,800 g/mol).
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Figure 2.11. PCL2 (Mn =49,400 g/mol).

Figure 2.12. PCL3 (Mn =46,800 g/mol).

Figure 2.13. PCL4 (Mn =39,600 g/mol).
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Figure 2.14. PCL5 (Mn =33,400 g/mol).
The results showed that all test samples exhibited greater than 30% net
mineralization within 120 days. The higher molecular weight PCL sample i.e., 80,000
g/mol showed non-repeatable data (Figure 2.8.) which has been observed previously at
the laboratories of Office of Naval Research (NSRDEC). The addition of the OMMT
appeared to play a significant role in the rate of mineralization of the polymer. While
both control samples exhibited a mineralization level of 50-60% after 120 days of testing,
this mineralization level was achieved more rapidly for the samples containing OMMT.
For example; the sample containing 1 wt-% of the additive reached 50% mineralization
in 60 days. Samples containing higher amounts of OMMT showed faster mineralization
rates. For the PCL2 and PCL4 samples, one of the specimen exhibited behavior that was
inconsistent with the other specimens. Thus their results are skewed from the apparent
trend.
The biodegradation process of PCL starts with hydrolysis of polymer chains to
form low molecular weight fragments that are susceptible to microbial attack. Therefore,
any factor that increases the hydrolysis of the polymer matrix ultimately controls the
degradation of the polymer. The hydrolytic degradation of PLA/montmorillonite
nanocomposites has been studied previously by Dubois, et al.8 The data showed that all
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nanocomposites undergo faster hydrolytic degradation as compared to neat PLA. It was
concluded that both microcomposite or intercalated nanocomposite structures and the
relative hydrophilicity of the clay determine the rate of hydrolysis. Similarly, the results
obtained in our study showed that the addition of hydrophilic inorganic material into the
polymer increases the rate of degradation and mineralization with increasing addition
levels. This is consistent with the highly exfoliated morphology of the nanocomposites
(as confirmed by TEM) which prevents the confinement of polymer chains between the
silicate layers.
Table 2.4 summarizes the results from carbon content and respirometry tests as
well as the information on the molecular weight and % crystallinity of the test samples.
Table 2.4
The Summary of Test Results

sample
PCLa
PCLb
PCL1
PCL2
PCL3
PCL4
PCL5
a
b

molecular
weighta
42,500
80,000
50,800
49,400
46,800
39,600
33,400

%
crystallinityb
51.3
54.6
61.6
56.7
60.0
63.1
69.3

%
carbon content
62.77
62.82
62.24
61.73
61.27
60.71
60.66

% mineralization
@ 100 days
52.91
49.12
55.97
53.60
58.13
39.14
62.41

Determined by SEC
Determined by DSC

In addition to the environmental factors mentioned previously, the chemical
structure of the polymer and its physical properties affects the biodegradation process
such as the chemical bond, functional group, side chain, hydrophilic/hydrophobic
balance, crosslinking, degree of polymerization, crystalline structure and degree of
crystallinity. Previous studies showed that both enzymatic and non- enzymatic
degradation proceed through amorphous regions faster than in crystalline regions. In fact,
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it has been suggested that the degree of crystallinity is the major rate-determining factor
for degradation rather than chain primary structures.49 The percent crsytallinities of the
nanocomposite films prepared by melt pressing are given in Table 2.4. Although there is
an increase in % crystallinity with OMMT content, a stronger trend is observed between
the rate of degradation and molecular weight of the polymer samples. In other words, the
effect of molecular weight on the biodegradation of polymers is more predominant than
percent crystallinity. According to test results PCL5 with the lowest molecular weight
showed the best behavior in terms of rate of degradation and reproducibility.
Conclusion
The molecular weight of PCL chains prepared by in-situ polymerization was
controlled by the terminal hydroxyl content, i.e., by the OMMT content. The hydroxyl
functionality on long alkyl chains had improved ability for grafting of polymer chains
from the surface of the clay as verified by the obtained highly exfoliated morphology.
While this nanostructure does not markedly affect thermal events such as Tm, Tc, Tg, and
Td, the platelets clearly act as nucleating agents for crystallization of the PCL matrix, with
the degree of crystallinity increasing with clay content. Dynamic mechanical analysis
revealed enhancement of storage moduli, particularly above Tg, as the clay content
increased. These results plus the lack of precipitate formation from centrifuged CHCl3
solutions, are consistent with polymer chain ends being all (or mostly) bound to the clay
surfactants. The results, from carbon content and respirometry tests showed that the
molecular weight of the polymers has more predominant affect on the biodegradation rate
compared to percent crystallinity. Better results were obtained as compared to previously
reported studies because the polymer chains were not confined between the silicate layers
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owing to the highly exfoliated structure of the nanocomposites. However, the decrease in
molecular weight increases the degradation rate.
Experimental
Materials
ε-Caprolactone (99%) was purchased from Acros. Dibutyltin dimethoxide
(Aldrich) was diluted with anhydrous toluene (Sigma-Aldrich). Sodium montmorillonite
(MMT) with a cation exchange capacity of 93 meq/100 g was purchased from Southern
Clay Products, Inc. 1-Decyl-2-methylimidazole and 11-bromo-1-undecanol were
obtained from Aldrich and used as received. Poly(ε-caprolactone) with two different
molecular weights (PCL42500, Mn=42500 g/mole and PCL80000, Mn=80000 g/mol) was
purchased from Aldrich. LiCl was dried in a vacuum oven prior to being used (J.T. Baker
Chemical Co.). THF, ethyl ether and CHCl3 were purchased from Fischer Scientific and
used without further purification.
Synthesis of 1-Decyl-2-methyl-3-(11-hydroxyundecyl)imidazolium Bromide (Surfactant)
1-Decyl-2-methylimidazole (0.95 mol) was added to an excess of 11-bromo-1undecanol (1 mol) in a thick-walled, single neck round-bottom flask equipped with a
reflux condenser. The reaction mixture was heated to 100 °C, and allowed to react for 6 h
under nitrogen atmosphere. The white solid product was filtered and washed with ethyl
acetate, and the solvent was removed under vacuum at 80 °C. The isolated yield was
90%. The product was characterized by 1H and 13C NMR spectroscopy. 1H NMR
(CDCl3) δ (ppm): 0.60 (t, CH2-CH3), 1.07 (m, 15xCH2), 1.35 (m, N-CH2-CH2), 1.64 (m,
CH2-CH2-OH), 2.63 (s, Ar-C-CH3), 3.40 (t, CH2-OH), 4.09 (t, N-CH2), 7.46 (d, Ar-CH).
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C NMR (CDCl3) δ (ppm): 10.8 (CH2-CH3), 13.9 (Ar-C-CH3), 22.4, 25.5, 26.2, 29.3,

32.4 (15xCH2), 49.1 (2xN-CH2), 62.3 (CH2-OH), 121.9 (Ar-C), 142.9 (Ar-C-CH3)
Preparation of Organo-modified Montmorillonite (OMMT)
The imidazolium salt (1.5 equivalent of the CEC of sodium montmorillonite) was
dissolved in ethanol at 50 °C and added to a 10 wt-% aqueous, pre-dispersed suspension
of sodium montmorillonite under vigorous stirring at 60 oC. The mixture was stirred for
10 h at 60 °C. The imidazolium-modified montmorillonite (OMMT) was then collected
by filtration, washed several times with hot deionized water and then with hot ethanol
and paper filtered. The hydroxyl alkyl-imidazolium modified montmorillonite was dried
at 80 °C under vacuum for 24 h prior to use and the organic content was determined by
thermal gravimetric analysis (TGA).
Preparation of PCL/OMMT Nanocomposites by in-Situ Intercalative Polymerization of
ε-Caprolactone
The typical polymerization procedure was as follows: The desired amounts of
OMMT and ε-caprolactone were added to a polymerization tube with the specified
amount of monomer and dibutyltin dimethoxide. The reaction mixture was stirred at
room temperature for 4 h under nitrogen atmosphere. A solution of dibutyltin
dimethoxide in anhydrous toluene was added. The temperature was increased to 100 °C
and polymerization was allowed to proceed for 24 h. The crude product was dissolved in
CHCl3 and centrifuged for 15 min at 3300 rpm. The supernatant was removed and
precipitated into ethyl ether. The white precipitate was filtered and dried in a vacuum
oven at 40 oC.
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Nanocomposites containing 1, 2, 3, 4 and 5 wt-% OMMT were prepared. The
numbers in the abbreviations indicate the wt-% of OMMT (i.e. PCL1 is poly (εcaprolactone)/clay nanocomposites with 1 wt-% of hydroxyl alkyl-imidazolium modified
montmorillonite). The formation of PCL was determined by 1H and 13C NMR in CDCl3,
13

C solid-state NMR as well as FTIR analysis. 1H NMR (CDCl3) δ (ppm): 1.38 (m, γ-

CH2), 1.65 (m, β-CH2 + δ-CH2), 2.31 (t, α-CH2), 3.65 (ε-CH2-OH end group), 4.02 (t, εCH2). 13C NMR (CDCl3) δ (ppm): 24.6 (γ-CH2), 25.6 (β-CH2), 28.4 (δ-CH2), 34.1 (αCH2), 64.2 (ε-CH2), 173.4 (C=O). 13C Solid State NMR δ (ppm): 26.3 (γ-CH2 + β-CH2),
29.2 (δ-CH2), 34.2 (α-CH2), 64.5 (ε-CH2), 174.3 (C=O). FTIR λ-1 (cm-1): 1727 (C=O)
Polymer Recovery from Nanocomposites
The polymer chains were extracted from the clay by a reverse ion-exchange
reaction. Thus, 1 g of the nanocomposite was suspended in 15 mL of THF and stirred for
2 h at room temperature. This solution was then poured into 1 wt-% LiCl solution in THF
and stirred at room temperature for 48 h. The solution was centrifuged for 30 min and the
polymer-containing supernatant was collected. The solid fraction was washed with 15 mL
of THF twice and the supernatants were combined. The solvent was partially evaporated
and the polymer was precipitated into ethyl ether. The white powder was dried in a
vacuum oven at 40 °C.
Characterization of Nanocomposites
Proton and carbon NMR spectra were obtained in CDCl3 using a Varian Mercury
300 spectrometer operating at 300 MHz for proton and 75 MHz for carbon, respectively.
Solid-state NMR spectroscopy was performed on a Varian UNITYINOVA 400
spectrometer using a standard Chemagnetics 7.5 mm PENCIL-style probe. Samples were
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loaded into zirconia rotor sleeves, sealed with Teflon (TM) caps, and spun at 4.0 kHz.
The acquisition parameters were as follows: the 1H 90° pulse width was 5.5 µs, the crosspolarization contact time was 1 ms, the dead time delay was 6.4 µs, and the acquisition
time was 45 ms. A recycle delay of 3 seconds between scans was utilized. FTIR spectra
were recorded on an ATI-Mattson Galaxy 5000 FTIR spectrometer.
Size exclusion chromatography (SEC) was carried out in THF (5 mg/mL) at 30
°C with Waters M-150-C ALC/GPC chromatograph equipped with the Viscotek
Differential Viscometer Model 100 and Styrene-DVB GPC columns (flow rate: 1
ml/min) and Hewlett-Packard 1037A refractive index detector. Molecular weight and
molecular weight distributions were measured with respect to polystyrene standards.
Thermal analyses were performed on a TA instruments SDT 2960 TGA-DTA at
10 °C/min under nitrogen from ambient temperature to 700 °C and DSC 2920 at 10
°C/min under nitrogen from –90 °C to 80 °C. For differential scanning calorimeter (DSC)
measurements, the samples were prepared by using a melt press. They were melted at 85
°C, held for 3 min at this temperature under ~3 MPa pressure, and then quickly quenched
between steel plates. All samples weighed in the range of 6.0 ± 0.5 mg. The
crystallization temperature (Tc), heat of crystallization (∆Hc), crystalline melting
temperature (Tm) and heat of fusion (∆Hf) were obtained by the following procedure:
samples were cooled to –90 °C at a cooling rate of 10 °C/min, held at this temperature for
2 min, then the temperature was increased to 80 °C at a rate of 10 °C/min and
equilibrated at this temperature for 5 min to erase thermal history. The temperature was
then decreased to –90 °C and again increased to 80 °C following the same procedure
above.
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X-ray powder diffraction (XRD) patterns were obtained using a Rigaku Ultima III
X-ray diffractometer using Ni-filtered CuKα radiation (wavelength λ = 1.54 Å) and
operating at 40 kV and 44 mA. XRD data were recorded between 2 and 45° at steps of
2°/min. Transmission electron microscope (TEM) images of the samples were obtained
using a Zeiss EM 10-C Transmission Electron Microscope operating at an accelerating
voltage of 50 kV. The ultra thin sections of the samples were taken with a microtome
using a diamond knife and collected on copper grids.
Thin films of samples were prepared following the same procedure for DSC
analysis. Dynamic mechanical analysis (DMA) of the samples was carried out under
tension using a TA instruments DMAQ800 at a heating rate of 2 °C/ min under nitrogen
with a frequency of 1 Hz and a force of 0.1 N.
Biodegradation Study of Nanocomposites
The respirometric study of the samples was performed in the Office of Naval
Research Laboratories. The test samples were PCL/OMMT nanocomposites with 1, 2, 3,
4, and 5 wt-% OMMT (PCL1, PCL2, PCL3, PCL4 and PCL5, respectively) as well as
neat PCL with two different molecular weights (PCLa; Mn=45,000 g/mol and PCLb;
Mn=80,000 g/mol). The experimental set-up and data below are taken from the final
report on biodegradation studies sent by Christopher Thellen in January 2008.
Sample Preparation
Each polymer sample was cryogenically milled to a fine powder using a SPEX
Certi-Prep 6750 cryogenic mill. Three 20.00 mg test samples were then created from the
milled polymer to test the polymer in triplicate. In order to determine the percentage of
sample that has mineralized (biodegraded) during the test, the initial amount of carbon in
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the samples was determined. The polymer samples were sent to Galbraith Laboratories in
Knoxville, Tennessee for carbon content determination. This test was run in duplicate and
the average value was taken as the carbon content of the sample. The average percent
mineralization of the polymer samples during the test would be calculated using this data.
ASTM 6691 Laboratory Testing
Biodegradation in the marine environment was examined through respirometry
experimentation (ASTM D6691-01) where an inoculum of 13 marine microorganisms
was added to the test samples in a synthetic seawater solution at 30 ºC. Columbus
Instruments respirometers were used to measure carbon dioxide (CO2) evolution
(mineralization) as a function of time. Glucose, a known biodegradable material, was
used in three sample chambers in order to confirm that the respirometer was operating
properly. Chambers containing only the synthetic seawater solution and inoculum were
used as a negative baseline control. Besides the test samples and a negative control, a set
of positive controls were also run with the test using poly(hydroxyl alkanoate) (40%
carbon), a known biodegradable material in the marine environment. This was done to
ensure proper test data and to provide a comparable biodegradable material for these
tests.
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CHAPTER III
γ-ACETAMIDO-ε-CAPROLACTONE: A UNIQUE PLATFORM MOLECULE FOR A
LIBRARY OF NEW COMPOUNDS
Abstract
γ-Acetamido-ε-caprolactone was synthesized in very good yield in five steps
starting from 1,4-cyclohexandione monoethylene ketal. The molecular geometry and
conformation are discussed based on variable temperature NMR, proton exchange and
NOESY experiments. The data suggest an intramolecular hydrogen-bond exists between
the amide proton and the lactone carbonyl. The presence of such a 7-membered
intramolecular hydrogen-bond effects molecular geometry and further reactivity of the
compound. Despite its lower reactivity as compared to the unsubstituted analog, εcaprolactone, γ-acetamido-ε-caprolactone has great potential for generating a large library
of new materials as indicated by select examples described here.
Introduction
The synthesis of lactones from cyclic ketones has been known for more than 100
years. Lactones are widely used building blocks in agrochemical, chemical and
pharmaceutical industries. With the worldwide production of 30 million pounds per year,
the largest volume lactone, ε-caprolactone, is produced from cyclohexanone using
Baeyer-Villiger oxidation.1 ε-Caprolactone and its functional derivatives are important
intermediates in organic and polymer synthesis. Recently, there has arisen great demand
for environmentally-friendly materials in polymer science and technology. Aliphatic
polyesters are good candidates for new synthetic or semi-synthetic biodegradable
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polymers for disposable articles and environmentally friendly materials. Biodegradation
is complemented by hydrolytic degradability via ester bond cleavage. Moreover, facile
ring-opening reaction and polymerization of lactones is a versatile method for
synthesizing a broad range of derivatives as well as intermediate aliphatic polyesters. In
fact, there has been increasing interest recently in synthesizing functional lactones as
potential monomers for functional aliphatic polyesters and co-polyesters. Several
syntheses of functional derivatives of ε-caprolactone have been reported with protected
hydrophilic groups2, halogens3 or halogenated groups4, as well as unsaturated5,6 and
saturated7-11 alkyl groups. Most have been synthesized by Baeyer-Villiger oxidation of
cyclic ketones with the appropriate substituent.
To the best of our knowledge, a ε-caprolactone derivative with an N-acetyl amide
substituent at the γ-position has not yet been reported. In addition, despite the importance
of substituent configuration on the stability and reactivity of lactones, there have been
relatively few investigations into their basic structures and conformations. Those
reported to date include ε-caprolactone12-14 and a few substituted ε-caprolactone
derivatives7,15,16 for which the data indicate the chair conformation is the most stable.
Herein, we describe the synthesis, characterization, and conformational analysis of γacetamido-ε-caprolactone as a platform for a library of new compounds with potential
use in a variety of applications.
Results and Discussion
Synthesis of 5-acetamidooxepane-2-one
The synthesis of 5-acetamidooxepane-2-one, 6, (or γ-acetamido-ε-caprolactone)
was accomplished in 5 steps (Figure 3.1). The monoethylene ketal of 1,4-
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cyclohexanedione was converted to its oxime by reaction with hydroxylamine
hydrochloride in the presence of a weak base. The oxime, 2, was reduced to the
corresponding amine 3 using LiAlH4. The amine group was then protected via reaction
with acetic anhydride to give 4. The ketal-protecting group was removed by hydrolysis in
dilute aqueous HCl solution. Through a carefully-adjusted Baeyer-Villiger oxidation,
compound 5 was transformed into the corresponding lactone, 6, using mchloroperoxybenzoic acid. The overall yield from the starting ketal was 66%.

Figure 3.1. Synthesis of γ-acetamido-ε-caprolactone.
Based on knowledge obtained from isolation and characterization of each
intermediate, a new pathway was designed to decrease the number of purification steps
and the amount of chemicals used while simultaneously increasing the overall reaction
yield. In particular, even though the conversion of 3 was high for the reduction reaction,
the yield was low because of the thermal behavior of the compound, i.e. during the
evaporation of solvent by vacuum, as the solution became concentrated, compound 3
began to sublime at room temperature. In order to avoid the loss of product, the solvent
was partially evaporated and acetic anhydride was directly added without isolation or
purification of 3. After completion of this reaction, the solvent was removed by
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evaporation and an HCl (aq) solution was added to hydrolyze the ketal group.
Neutralization using NaHCO3 was followed by extraction with CH2Cl2. The organic
solution was dried over anhydrous Na2SO4, filtered and the solvent evaporated. The
lowest yield in the sequence, 80%, was obtained for the step leading to 5 due to high
solubility of this intermediate in water. Nevertheless, the overall yield was increased from
66 to 76%.
Spectroscopic analysis of γ-acetamido-ε-caprolactone
Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique for
determining physical, chemical, structural and electronic properties of molecules and is
used to obtain information on the dynamics, topology and three-dimensional structure of
the molecules in solution and in the solid state. The chemical structure of γ-acetamido-εcaprolactone was confirmed by 1D as well as 2D NMR techniques. Variable-temperature
1

H NMR and NOESY experiments were performed in order to obtain information on the

molecular geometry. In addition, real-time 13C NMR spectra were recorded to follow the
reaction progress of γ-acetamido-ε-caprolactone with methanol. Due to low solubility of
the compound in CDCl3 at room temperature, most of the NMR spectra were recorded in
DMSO-d6. Complete proton and carbon resonance assignments were obtained using
COSY and 1H-13C HSQC NMR data (Figures 3.2 and 3.3).
While compound 6 has a ring structure and an asymmetric carbon atom, the
synthetic methods used here did not involve optical resolution, and all chiral compounds
were obtained as racemic mixtures. However, preferred conformations of the pendent
group were examined since the carbon-carbon bond rotation is restricted due to the rigid
structure. For example, this rigidity causes the geminal protons on the ring to experience
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a different chemical environment. As can be seen from the COSY spectrum, the geminal
protons are magnetically unequivalent and easily distinguished.

Figure 3.2. COSY spectrum of γ-acetamido-ε-caprolactone in DMSO-d6.
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Figure 3.3. HSQC spectrum of γ-acetamido-ε-caprolactone in DMSO-d6.
In general, the coupling of amide protons to those on adjacent carbon atoms is not
observed due to rapid proton exchange. In this case, however, the amide proton, NHb,
exhibits a doublet via coupling with methine proton, Hc. The 1H NMR spectrum recorded
in D2O also shows the corresponding peak for the NHb proton, confirming a very slow
proton exchange. Further NMR analysis in DMSO-d6 showed that the proton exchange
only occurred upon addition of D2O in the presence of a strong acid (conc. H2SO4). The
relative proton-deuterium exchange rates allow the identification of the amide protons
that participate in hydrogen bonding. The amide protons involved in hydrogen-bonding
exchange much more slowly with the solvent than those exposed to bulk solvent17. These
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NMR results led to further study of the presumed intramolecular hydrogen-bonding
involving the amide proton and the carbonyl of the lactone.
To confirm the presence of such intramolecular hydrogen-bonding and understand
the molecular geometry of γ-acetamido-ε-caprolactone, variable temperature 1H NMR
measurements were done in both CDCl3 and DMSO-d6. Water behaves as a proton
acceptor because of its high polarity and thus can destabilize intramolecular hydrogenbonding18. Therefore, prior to these experiments, the solvents were dried over molecular
sieves, and the sample and glassware were dried under vacuum at 100 °C overnight.

Figure 3.4. Variable-temperature 1H NMR spectra γ-acetamido-ε-caprolactone (0.3M in
DMSO-d6).
At lower temperatures, rotation about the C-C bond is slow, creating geminal
protons with different environments. The availability of greater thermal energy at higher
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temperature leads to increased mobility that causes the geminal protons to become
equivalent. Thus, the peaks corresponding to He and He’, Hf and Hf’ merge with
increasing temperatures. However, protons of the methylene groups adjacent to the chiral
center (Hd and Hd’, Hg and Hg’) never become equivalent with increasing the temperature.
Since hydrogen-bonding involves electron transfer from hydrogen atoms to a
neighboring electronegative atom, such sites experience a net deshielding effect which
increases with increasing hydrogen-bonding strength. Thus, NH protons appear at higher
downfield chemical shift at high concentrations than in dilute solutions, because of strong
hydrogen bonding and deshielding. However, intramolecular hydrogen-bonding is
unchanged by dilution, and the NMR spectra of such systems are virtually unaltered by
varying concentrations. Here, the resonance of NHb proton of γ-acetamido-ε-caprolactone
did not show any concentration dependence upon dilution by ten fold i.e., at 0.3 M δb =
7.89 ppm and at 0.03 M δb = 7.90 ppm.
The resonance position of the NH proton is also temperature dependent due to
intermolecular hydrogen-bonding, with higher temperatures reducing hydrogen-bonding
strength. For example, the temperature dependent chemical shift of amide protons is used
to evaluate intramolecular hydrogen-bonding in peptides. When an amide is involved in a
stable hydrogen-bond, its hydrogen experiences only a small change in chemical shift
with temperature.19 In polar aprotic solvents such as DMSO-d6, ∆δ/∆Τ values greater
than 5 ppb/K indicate solvent-exposed NH sites, while values less than 3 ppb/K suggest
the amide proton is shielded from the solvent via intramolecular hydrogen-bonding or
steric hindrance.20 In the variable temperature 1H NMR measurements for γ-acetamido-εcaprolactone, a progressive up-field movement of the NHb resonance in both DMSO-d6

50
and CDCl3 (Table 3.1) indicated a decrease in hydrogen-bonding with temperature.
Moreover, a linear dependence of the NHb proton chemical shift with temperature was
observed in both solvents. In DMSO-d6 the NHb proton exhibited a strong dependence
(∆δ/∆Τ = -4.3 ppb/K) suggesting the amide proton is in equilibrium between hydrogenbonded and non-hydrogen-bonded states. The reason for this greater value is the
hydrogen-bond accepting nature DMSO.21 To confirm this, the temperature dependence
of the NHb chemical shift was further studied in CDCl3 under the same conditions. A
weaker temperature dependence (∆δ/∆Τ = -3.3 ppb/K) was found in CDCl3 as compared
to DMSO-d6. In both cases the temperature dependence of the chemical shift was higher
compared to literature values for intramolecularly hydrogen-bonded amide protons in
peptides. This greater temperature dependence may be due to the deviation from linearity
of the NH—O=C bond angle induced by torsional strain in the ring. Previous
conformational studies of bicyclic lactams revealed the presence of a 7-membered or a
ten-membered hydrogen-bond ring between the amide substituent and the carboxyl of the
lactam.17 In that study, the temperature coefficients of the amide protons ranged between
-1.6 and -3.6 ppb/K in CDCl3, similar to our results. In summary, the variable
temperature 1H NMR data suggest that the amide proton NHb can be classified as either
an intramolecularly hydrogen bonded proton or involved in an equilibrium between
hydrogen-bonded and non-hydrogen-bonded state with the former being favored.
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Table 3.1
Variable Temperature 1H NMR Data for the Amide Proton, NHb
Chemical Shift (ppm)a
Temperature (K)

CDCl3b

DMSO-d6b

298

6.09

7.90/7.89c

308

6.06

7.86

318

6.02

7.81

328

5.99

7.77/7.76c

-3.3

-4.3

(∆
∆δ/∆
∆Τ) (ppb/K)
a

500 MHz

b

c

0.03 M 0.3 M

The presence of a 7-membered intramolecularly hydrogen-bonded ring involving
the amide proton and the carbonyl of the lactone might have a significant impact on the
molecular geometry, which in turn affects the stability and reactivity of the compound.
As mentioned in the introduction, there are few studies on the conformations of lactone
rings. Molecular calculations as well as microwave and lanthanide-induced shift studies
confirm no significant amount of conformers other than the chair form present in εcaprolactone.11-13 Overberger and Kaye studied the optical rotatory dispersion and
conformation of some optically active substituted ε-caprolactones.14 The results indicated
that for δ-methyl-ε-caprolactone and trans-(R)-(-)-α-bromo-δ-methyl-ε-caprolactone the
chair conformation with the substituents both at equatorial position was the most stable
conformer. In addition, computational studies for 3,5,5’-trimethylcaprolactone and 3,3’,5trimethylcaprolactone isomers indicated that the lowest energy conformation for the rings
is the chair form.7 More recently, a single crystal X-ray study showed that (S)-6-methylε-caprolactone also adopts a chair conformation.16 However, there have been no reports
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on the effect of any possible interaction between the substituent and the ring on the
conformation of ε-caprolactone derivatives.
In order to shed more light concerning the molecular geometry, NOESY data of γacetamido-ε-caprolactone in DMSO-d6 was acquired. The NOESY spectrum of γacetamido-ε-caprolactone (Figure 3.5) displays cross peaks between the resonances
assigned to NHb and the protons of the lactone. In particular, several strong NOE contacts
were observed for the NHb proton with Ha, Hd’ and Hg’ along with moderate contacts with
Hd and Hg. The amide proton NHb also exhibited weak NOE crosspeaks with only one of
the geminal protons of the methylene groups on either side of the ester linkage, namely
on He’ and Hf’ protons. Crosspeaks between NHb amide hydrogen and He and Hf were
absent. This indicates that the He’ and Hf’ protons are in cis position to the amide
substituent, with He and Hf are trans and therefore having reduced proximity to the NHb.
Variable temperature 1H NMR study revealed that the He’ and Hf’ resonances are more
temperature dependent compared to He and Hf (Figure 3.4). This might indicate that with
increasing temperature, the hydrogen-bonding is reduced to the point whereby the ring
can adopt other conformations.
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Figure 3.5. NOESY spectrum for the amide proton NHb in DMSO-d6.
Possible conformations of γ-acetamido-ε-caprolactone as well as the hydrogenbonding between the amide proton and carbonyl of the lactone are schematically
represented below (Figure 3.6). The effect of amide substituent on the conformation
needs further investigation before any general conclusion can be made. Although the
data in previous studies showed that the chair is the most stable conformation for εcaprolactone, for γ-acetamido-ε-caprolactone the tendency of the amide proton to form
intramolecular hydrogen-bonds with the lactone carbonyl might favor the boat
conformation.
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Figure 3.6. Chair (A) and boat (B) conformations of γ-acetamido-ε-caprolactone and Hbonding.

Physical and Chemical Properties of γ-acetamido-ε-caprolactone.
γ-Acetamido-ε-caprolactone was isolated as white crystals with an unusually high
melting point of 197 °C. It is soluble in polar solvents such as water, methanol,
dimethylsulfoxide N,N-dimethylformamide, N,N-dimethylacetamide, and Nmethylpyrrolidone but is insoluble in non-polar solvents such as diethyl ether,
chloroform, toluene and benzene.
In order to investigate whether a spontaneous ring opening polymerization is
feasible, the compound was heated above its melting temperature in air and the melting
behavior re-evaluated. The color of the compound changed from white to brown after the
melting transition, a possible indication of thermal decomposition. In fact, thermal
gravimetric analysis confirmed that thermal decomposition or sublimation/distillation
occurs right after melting (Figure 3.7). Hence, spontaneous polymerization upon heating
does not take place.

55

Figure 3.7. DSC and TGA thermograms of γ-acetamido-ε-caprolactone under N2
atmosphere with a heating rate of 10 °C/min.

Initial evaluations were carried out to determine whether ring opening reactions
can happen via nucleophilic attack at the ester carbonyl. The results from several
reactions are summarized in Table 3.2. The compound reacts with strong nucleophiles
such as primary amines with complete conversion. However, no reaction occurs with
weak and moderate nucleophiles such as water, carboxylic acids and primary alcohols
under the same reaction conditions. In addition, the reaction with water and primary
alcohols only takes place in the presence of a catalyst such as 1 mol-% TEA with the
conversion lower as compared to primary amines. The percent conversion with water in
the presence of H2SO4 was significantly higher compared to TEA. Here, the protonation
of the carbonyl of the lactone might reduce intramolecular hydrogen-bonding, making the
carbonyl carbon more susceptible to nucleophilic attack.
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Table 3.2
Reaction of γ-Acetamido-ε-caprolactone with Various Nucleophiles

Entry

Reactant

Solvent

Product

Conversiona

1

H2O

-

no reaction

0

O
b

H2O
2

-

25b

OH

HO
HN

H2Oc

88c
O

7
4

CH3OH

-

no reaction

0

O

5

OH

O

CH3OHb

98

HN
O

8
O

6

CH3NH2

OH

N
H

H2O

100

HN
O

9
O
HO

7

HOCH2CH2NH2

CH2Cl2

OH

N
H

100

HN
O

10
8

CH3(CH2)4COOH

CH2Cl2

no reaction

0

a

Determined by NMR analysis of crude products after 24 h reaction at room temperature
TEA (1mol-%)
c
H2SO4 (1mol-%)
b

A second set of reactions was studied using real time 13C NMR spectroscopy to
further investigate the reactivity of γ-acetamido-ε-caprolactone. In this approach, the
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reactivity of the compound with methanol was compared to that of ε-caprolactone under
the same conditions. γ-Acetamido-ε-caprolactone and caprolactone (1.0 eqv. total 20 wt%) were dissolved in methanol and transferred to an NMR tube containing a DMSO-d6
capillary insert. The 13C NMR spectrum of the reaction mixture was recorded at t = 0.
The tube was then ejected from the instrument, TEA (1 mol-%, solution in methanol)
added, and inserted back into the instrument. Carbon NMR spectra were recorded at 20
min intervals (acquisition time ~ 5min). Figure 3.8 displays the 13C NMR spectra of the
reactions in progress.

Figure 3.8. Carbon NMR spectra of the reaction of γ-acetamido-ε-caprolactone and εcaprolactone with methanol in the presence of TEA (DMSO-d6 insert).
Within 180 min after the addition of TEA, ε-caprolactone had completely reacted
with methanol, whereas γ-acetamido-ε-caprolactone remained unaffected. This result
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agrees with previously reported studies which showed that substituted lactones have
reduced reactivity compared to unsubstituted ones.22 Therefore, the lower reactivity of γacetamido-ε-caprolactone might be attributed to the difference in molecular geometry due
to steric interactions involving the amide substituent at the γ-position.
Despite its lower reactivity, γ-acetamido-ε-caprolactone is a potential compound
for a library of new materials as demonstrated by its ability to react with a variety of
reagents. In addition to reaction products shown in Figure 3.9, the pendent amide group
can also be altered. After the reduction of oxime 2 to the corresponding amine 3 (Figure
3.1), the amine functionality can be converted to a variety of amides, imides or ureas.
Examination of such derivatives, along with others available via reaction of the lactone
group, will be described elsewhere.

Figure 3.9. The potential library of new materials that can be derived from γ-acetamidoε-caprolactone.
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Polymerizability of γ-acetamido-ε-caprolactone.
Poly(ε-caprolactone) (PCL) is a biodegradable aliphatic polyester which is
synthesized by ring-opening polymerization (ROP) of ε-caprolactone. Its physical
properties (a linear, flexible and partially crystalline polyester) and commercial
availability make it very attractive not only as a substitute for non-degradable polymers
but also for application in medical devices and drug delivery systems. Property
limitations of PCL arise from its low melting temperature (60 ºC) and weak mechanical
properties. On the other hand, the polyester formed from the ring-opening polymerization
of γ-acetamido-ε-caprolactone would have the same chemical structure of PCL but
modified with one amide pendant group per repeat unit. These amide groups would
participate in intermolecular hydrogen-bonding between the chains and improve both
thermal and mechanical properties. Initial investigations of this monomer were to
synthesize polyesters with amide pendant groups by ring opening polymerization of γacetamido-ε-caprolactone.
The polymerization of cyclic esters can be achieved by anionic, cationic or
coordination insertion mechanisms. The effective initiators for anionic polymerization of
lactones are alkali metals, alkali metal oxides, and alkali metal naphtalenide complexes
with crown ethers. The reaction is initiated by the nucleophilic attack of the negatively
charged initiator on the carbonyl carbon, resulting in formation of a ring-opened
intermediate that propagates to polyester. However, γ-acetamido-ε-caprolactone has an
amide proton which could be abstracted by the initiator. Thus, ring opening
polymerization via cationic and coordination-insertion mechanisms were attempted.
However, neither type of polymerization reaction resulted in polymer formation. In fact,
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when primary alcohols were used as initiators, no reaction took place and when primary
amines were used, they reacted with γ-acetamido-ε-caprolactone once but propagation
did not proceed.
As mentioned earlier, γ-acetamido-ε-caprolactone is less reactive compared to εcaprolactone. It is reactivity with primary alcohols is so low that the reaction can only
reach completion when excess alcohol is used in the presence of triethylamine as catalyst.
In addition, the reaction product with alcohol is another primary alcohol with an
acetamide group substituted at the γ-position. This bulky substitution may cause steric
hindrance and can make this alcohol even less reactive towards attack of another
monomer unit. In other words, after the initiation step, the propagation becomes more
difficult because of two reasons: first, the lower reactivity of monomer towards alcohols,
and second, the ring-opened product is another primary alcohol of even less reactivity
due to a bulky substitution which may cause steric hindrance or from hydrogen-bonding
of the hydroxyl end group with the amide pendent group.
Despite its lower reactivity and reduced tendency for ring-opening
polymerization, γ-acetamido-ε-caprolactone can still be used to synthesize new materials
(Figure 2.9). For example, the diols formed from the reaction of γ-acetamido-εcaprolactone with alcohol amines or diamines are potential monomers for condensation
polymerization. Therefore novel diols bearing pendant and backbone amide groups have
been synthesized from γ-acetamido-ε-caprolactone and incorporated into poly(ester
amides). Diols 1 and 2 were synthesized from the reaction of ethanol amine with γacetamido-ε-caprolactone and ε-caprolactone, while diols 3 and 4 were synthesized from
the reaction of hexamethylene diamine with γ-acetamido-ε-caprolactone and ε-
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caprolactone, respectively (Figure 2.10). Subsequently, polymers were obtained from the
condensation polymerization of the diols with divinyl adipate (activated carboxylic acid)
in the presence of lipase (Novazym 435) as a catalyst. In order to compare the properties
with those of unsubstituted polymers diols from ε-caprolactone were also prepared and
polymerized under the same reaction conditions. A summary of preliminary results are
given in Table 2.3. The polymerization reactions and GPC analyses of the polymers were
carried out by Pirro Cipi, USM.

Figure 3.10. Chemical structure of diols synthesized from γ-acetamido-ε-caprolactone
and ε-caprolactone.

Table 3.3
Lipase Catalyst Condensation Polymerization of Diols with Divinyl Adipate
Reaction Temp Time Mn × 10-3 a Mw × 10-3 a
Conditions (°C)
(h)
diol1
dioxane
80
212
4.2
4.7
bulk
95
48
5.0
6.1
diol2
dioxane
80
212
4.9
5.7
bulk
80
48
7.8
12.2
diol3
dioxane
80
212
3.9
4.5
diol4
dioxane
80
212
2.3
2.7
a
Molecular weights determined by GPC analysis

Polymerization
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Conclusion
The synthesis of γ-acetamido-ε-caprolactone in racemic form from 1,4cyclohexandione monoethylene ketal was accomplished using an efficient and high
yielding procedure. Variable temperature NMR and NOESY experiments suggest that an
intramolecular hydrogen-bond exists between the amide proton and carbonyl of the
lactone which affects the molecular geometry, the physical properties, and thus the
reactivity of the compound. The presence of a 7-membered hydrogen-bond might
stabilize the boat conformation rather than the chair conformation. The high melting
temperature, 197 °C, also indicates strong intramolecular interactions which lead to a
very stable compound. Despite its lower reactivity compared to its unsubstituted analog,
γ-acetamido-ε-caprolactone has great potential for generating a large library of new
materials as indicated by select examples described here.
Experimental
Materials
1,4-cyclohexanedione monoethylene ketal was purchased from Fluka (> 97%).
Hydroxylamine hydrochloride was purchased from Sigma-Aldrich (99%). Lithium
aluminum hydride (LiAlH4) was purchased from Aldrich (95%). m-Chloroperoxybenzoic
acid (m-cpba) was purchased from Aldrich (77%). Sodium acetate, sodium bicarbonate,
sodium sulfate (anhydrous), potassium carbonate (anhydrous), sodium hydroxide and
potassium phosphate were purchased from Fisher Scientific. Methylamine (40 wt-% in
water) and acetic anhydride was purchased from Acros. Triethylamine (TEA) (> 99%),
ethanolamine (> 99%) and methanol (anhydrous, 99.8%) were purchased from SigmaAldrich. Anhydrous methanol was purchased from Aldrich. Hydrochloric acid was
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purchased from VWR International (36.5-38% assay). Methanol, methylene chloride
(CH2Cl2), ethyl acetate, tetrahydrofuran (THF) were purchased from Fisher Scientific.
Methylene chloride and THF were distilled from CaH2 over molecular sieves. Other
solvents were used as received.
4-Oximinocyclohexanone ethylene ketal (2)
Hydroxylamine hydrochloride (5.93 g, 85.3 mmol) and sodium acetate (7.00 g,
85.3 mmol) were dissolved in 35 mL of H2O in a 250 mL round-bottomed reaction flask.
1,4-Cyclohexanedione monoethylene ketal (1) (12.1 g, 77.5 mmol) was dissolved in 145
mL of methanol and added drop-wise to the reaction flask at room temperature. The
temperature was then raised to 85 ºC and the reaction mixture was allowed to reflux for 2
h. After evaporation of methanol, 10 mL of H2O and 200 mL of ethyl acetate were added.
The mixture was stirred for 5 min at room temperature before being transferred to an
extraction funnel. The ethyl acetate phase was separated and the aqueous phase was
further extracted with ethyl acetate (2×200 mL). The combined ethyl acetate solution was
neutralized with aqueous NaHCO3 (10 wt-%) (3×50 mL). The organic phase was
separated, dried over anhydrous Na2SO4, filtered and evaporated. The product was further
dried under vacuum at room temperature overnight. 4-Oximinocyclohexanone ethylene
ketal (2) (13.0 g, 98% yield) was obtained in the form of white crystals, mp 69.7 ºC. 1H
NMR (200 MHz, CDCl3) δ 9.7 (s, 1H), 3.9 (t, 4H), 2.6 (t, 2H), 2.3 (t, 2H), 1.7 (t, 4H); 13C
NMR (50 MHz, CDCl3) δ 158.3, 107.9, 64.3, 34.2, 32.9, 28.7, 21.0 ppm.
4-Aminocyclohexanone ethylene ketal (3)
A 1000 mL round-bottomed flask was dried and purged with N2 gas. LiAlH4
(8.38 g, 221 mmol) was dispersed in 250 mL anhydrous THF in the reaction flask.
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Compound 2 (12.60 g, 73.6 mmol) was dissolved in 250 mL of anhydrous THF and
added slowly to the reaction flask with stirring. The reaction mixture was stirred at room
temperature for 1 h. The temperature was raised to 80 ºC and the reaction mixture was
allowed to reflux for 48 h. After cooling to room temperature, the reaction flask was
placed in an ice bath and the reaction was quenched by addition of 7.5 mL of H2O, 7.5
mL of 15 wt-% NaOH and 22 mL of H2O in that order. The mixture was then stirred at
room temperature for an additional 1 h and filtered through sintered glass while washing
with THF several times. The combined fractions were dried over anhydrous K2CO3,
filtered and the solvent was evaporated. 4-Aminocyclohexanone ethylene ketal (3),
(10.43 g, 90% yield) was obtained, mp 120 ºC. 1H NMR (300 MHz, CDCl3) δ 3.9 (s, 4H),
2.7 (m, 1H), 1.7 (m, 4H), 1.5 (t, 2H), 1.3 (m, 4H) 13C NMR (75 MHz, CDCl3) δ 108.3,
64.2, 49.1, 33.6, 33.1 ppm.
4-Acetamidocyclohexanone ethylene ketal (4)
Compound 3 (10.43 g, 66.2 mmol) was dissolved in 130 mL of CH2Cl2 in a 250
mL round-bottomed flask containing a magnetic stirrer. The reaction flask was placed in
an ice bath and acetic anhydride (7.43 g, 72.8 mmol) was added drop-wise. After
complete addition of acetic anhydride, the ice bath was removed and the reaction mixture
was stirred for 15 min at room temperature. The temperature was raised to 50 ºC and the
mixture refluxed for 1 h. After cooling to room temperature, the reaction mixture was
transferred to an extraction funnel. The organic phase was extracted with aqueous (10 wt%) NaHCO3 solution (4 × 50 mL) and once with 50 mL of brine solution. The CH2Cl2
layer was separated and the aqueous fractions were combined and back extracted with
CH2Cl2 (3 × 100 mL). The CH2Cl2 fractions were combined, dried over anhydrous
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Na2SO4 and filtered. 4-Acetamidocyclohexanone ethylene ketal (4) (12.66 g, 96% yield)
was obtained after evaporation of solvent; mp 134.5 ºC. 1H NMR (200 MHz, CDCl3) δ
5.8 (s, 1H), 3.8 (s, 4H), 3.7 (m, 1H), 1.9 (s, 3H), 1.8 (m, 2H), 1.7-1.2 (m, 6H); 13C NMR
(50 MHz, CDCl3) δ 169.3, 107.7, 64.1, 46.7, 32.9, 29.6, 23.3 ppm.
4-Acetamidocyclohexanone (5)
Compound 4 (12.60 g, 63.2 mmol) was dissolved in 125 mL of aqueous HCl
solution (4.0 wt-%) in a 250 mL round-bottom flask, and the reaction mixture was stirred
overnight at room temperature. Neutralization with NaHCO3 was followed by extraction
with CH2Cl2 (5×150 mL). The combined organic fractions were washed with 50 mL of
brine solution, separated, dried over anhydrous Na2SO4 and filtered. After evaporation of
solvent, 4-acetamidocyclohexanone (5) was obtained (7.85 g, 80.0% yield), mp 136.5 ºC.
1

H NMR (300 MHz, CDCl3) δ 6.2 (s, 1H), 4.1 (m, 1H), 2.3 (m, 4H), 2.1 (m, 2H), 1.9 (s,

3H), 1.6 (m, 2H); 13C NMR (75 MHz, CDCl3) δ 209.9, 169.7, 46.1, 38.9, 31.7, 23.1 ppm.
5-Acetamidooxepane-2-one (γ-acetamido ε-caprolactone) (6)
The m-cpba was purified according to a literature procedure23 and dried to
constant weight prior to use. Compound 5 (7.8 g, 50.6 mmol) and m-cpba (10.91 g, 63.2
mmol) were dissolved in 75 mL of anhydrous CH2Cl2 in a 200 mL round-bottom flask.
The reaction was allowed to proceed overnight with stirring. After evaporation of solvent,
the crude product was washed with 250 mL of diethyl ether. The white solid product was
further purified by recrystallization from CHCl3 yielding 5-acetamidooxepane-2-one (6)
(8.48 g, 98%), mp 196 ºC. Anal. calcd for C8H13NO3; C: 56.13 H: 7.65 N: 8.18; found: C:
55.98 H: 7.59 N: 8.05. 1H NMR (300 MHz, CDCl3) δ 6.1 (d, 1H), 4.2 (m, 2H), 4.0 (m,
1H), 2.6 (m, 2H), 2.1 (m, 2H), 1.9 (s, 3H), 1.7 (q, 1H), 1.5 (q, 1H); 13C NMR (75MHz,
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CDCl3) δ 175.1, 169.3, 65.8, 49.2, 35.2, 30.6, 28.7, 23.2 ppm. 1H NMR (300 MHz, d6DMSO) δ; 7.9 (d, 1H), 4.2 (m, 2H), 3.8 (m, 1H), 2.7 (t, 1H), 2.4 (t, 1H), 1.9 (m, 1H), 1.8
(m, 1H), 1.7 (s, 3H), 1.5 (q, 1H), 1.4 (q, 1H) 13C NMR (75 MHz, d6-DMSO) δ 175.2,
168.3, 65.1, 48.0, 34.7, 30.1, 28.2, 22.6 ppm. 1H NMR (200 MHz, D2O) δ 8.1 (d, 1H), 4.3
(m, 2H), 3.9 (m, 1H), 2.7 (m, 2H), 1.9 (s, 3H), 1.7 (m, 1H), 1.5 (m, 1H); 13C NMR (50
MHz, D2O) δ 179.9, 172.9, 66.6, 49.1, 33.6, 29.9, 27.4, 21.7 ppm. Solid State 13C NMR δ
177.8, 170.1, 66.1, 49.5, 37.5, 30.1 (2C), 23.3 ppm. IR (KBr) ν 3301 (s), 3085 (w), 2946
(w), 1728 (s), 1648 (s), 1552 (s), 1172 (m), 734 (m) 605 (m) cm-1.
4-Acetamido-6-hydroxyhexanoic acid (7)
Compound 6 (1.0 g, 5.8 mmol) was reacted with H2O (excess) in the presence of
H2SO4 (1 mol-%). The reaction was allowed to proceed overnight at room temperature
with stirring. The reaction mixture was transferred into an extraction funnel and extracted
with ethyl acetate (3×50 ml). The combined ethyl acetate solution was dried over
anhydrous Na2SO4 and filtered. After evaporation of solvent, 4-acetamido-6hydroxyhexanoic acid (7) (0.6 g, 55 % yield) was obtained after trituration from CH2Cl2,
mp 83 °C. 1H NMR (300 MHz, d6-DMSO) δ 7.6 (s, 1H), 3.7 (m, 1H), 3.3 (s, 3H), 2.1 (t,
3H), 1.8 (s, 2H), 1.6 (m, 2H), 1.5 (m, 2H) 13C NMR (75 MHz, d6-DMSO) δ 174.4, 169.2,
57.9, 45.2, 37.7, 30.5, 29.8, 22.6 ppm.
Methyl 4-acetamido-6-hydroxyhexanoate (8)
Compound 6 (1.0 g, 5.8 mmol) was reacted with methanol (excess) in the
presence of TEA as a catalyst (1 mol-%). The reaction was allowed to proceed overnight
at room temperature with stirring. Methyl 4-acetamido-6-hydroxyhexanoate (8) (1.16g,
98 % yield) was obtained after evaporation of excess methanol and TEA and trituration
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from CH2Cl2. The product can be recrystallized from CHCl3, mp 107 °C. 1H NMR (300
MHz, d6-DMSO) δ 7.6 (d, 1H), 4.4 (s, 1H), 3.7 (m, 1H), 3.5 (s, 3H), 2.2 (t, 2H), 1.8 (s,
3H), 1.7 (m, 2H), 1.5 (m, 2H) 13C NMR (75 MHz, d6-DMSO) δ 173.3, 169.3, 57.9, 51.2,
45.2, 37.6, 30.1, 29.7, 22.5 ppm.
4-Acetamido-6-hydroxy-N-methylhexanamide (9)
Compound 6 (1.0 g, 5.8 mmol) was dissolved in 5 ml of H2O and methyl amine
(1.1 eqv, 40 wt-% in H2O) was added. The reaction mixture was allowed to proceed
overnight at room temperature with stirring. Water was removed under reduced pressure
and 4-acetamido-6-hydroxy-N-methylhexanamide (9) (1.1g, 97 % yield) was obtained by
trituration from CH2Cl2, mp 106 °C. 1H NMR (200 MHz, d6-DMSO) δ 7.7 (s, 1H), 7.6
(d, 1H), 4.3 (s, 1H), 3.6 (m, 1H), 3.3 (m, 2H), 2.5 (s, 3H), 2.0 (m, 2H), 1.7 (s, 3H), 1.4
(m, 4H) 13C NMR (50 MHz, d6-DMSO) δ 172.3, 169.1, 57.8, 45.4, 37.7, 32.1, 30.6, 25.4,
22.6 ppm.
4-Acetamido-6-hydroxy-n-(2-hydroxyethyl)hexanamide (10)
Compound 6 (1.0 g, 5.8 mmol) and ethanolamine (1.1 eqv) were dissolved in 20
ml of CH2Cl2. The reaction was allowed to proceed overnight at room temperature with
stirring. The oily product, 4-acetamido-6-hydroxy-n-(2-hydroxyethyl)hexanamide (10)
(1.3g, 99 % yield), was purified by trituration from CH2Cl2, mp 96 °C. 1H NMR (300
MHz, d6-DMSO) δ 7.8 (s, 1H), 7.6 (d, 1H), 4.6 (s, 2H), 3.7 (m, 1H), 3.3 (s, 4H), 3.0 (m,
2H), 2.0 (t, 2H), 1.8 (s, 3H), 1.6 (m, 2H), 1.5 (m, 2H) 13C NMR (75 MHz, d6-DMSO) δ
172.5, 169.6, 60.0, 58.0, 45.5, 41.6, 37.8, 32.3, 30.7, 22.7 ppm.
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Nuclear Magnetic Resonance Experiments
1

H NMR Characterization. Proton spectra were acquired on a Varian UNITYINOVA

spectrometer operating at a frequency of 499.8 MHz for proton and using a standard 5
mm two-channel probe. A 90° pulse width of 15.2 µs and an acquisition time of 1.9
seconds were used. Sixteen scans were co-added using a recycle delay of 3.1 seconds
between scans.
13

C NMR Characterization. Carbon spectra were acquired on a Varian UNITYINOVA

spectrometer operating at a frequency of 125.7 MHz for carbon and using a standard 5
mm two channel probe. A 90° pulse width of 5.85 µs and an acquisition time of 1.3
seconds were used. One hundred forty four scans were accumulated, with no delay
between transients. An exponential broadening of 5 Hz was applied to the free induction
decay (FID) prior to Fourier transformation.
COSY Spectra. Gradient-assisted COSY spectra were acquired on a VarianUNITYINOVA
spectrometer operating at a frequency of 499.8 MHz for proton and using a standard 5
mm two-channel probe. Samples were dissolved in DMSO-d6. The acquisition
parameters were as follows: The recycle delay was 1.5 s, the 90° pulse width was 15.2
µs, the sweepwidth was 9.0 ppm, and the acquisition time was 150 ms. The number of t1
increments was 128 with four scans per increment. N-type data was acquired, and the
data was processed with sinebell apodization in both dimensions. An additional 384
points were added to the F1 dimension via linear prediction, and both t1 and t2 were
zero-filled to 2048 data points prior to Fourier transformation.
HSQC Spectra. Heteronuclear single-quantum correlation (HSQC) spectra were acquired
on a VarianUNITYINOVA spectrometer operating at a frequency of 499.8 MHz for proton
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and using a standard 5 mm two-channel probe. Samples were dissolved in DMSO-d6.
The acquisition parameters were as follows: The recycle delay was 1.5s, the the 90°
pulse width was 15.2 µs, the 1H sweepwidth was 9.0 ppm, the 13C sweepwidth was 70
ppm, and the acquisition time was 150 ms. The number of t1 increments was 384 with 8
scans per increment. States-Haberkorn phase cycling was used to obtain phase sensitive
data. An additional 1152 points were added to the F1 dimension via linear prediction.
Both t1 and t2 were zero-filled to 4096 and 1024 data points and apodized using a
Gaussian function prior to Fourier transformation.
TOCY Spectra. Total Correlation (TOCY) spectra were acquired on a
VarianUNITYINOVA spectrometer operating at a frequency of 499.8 MHz for proton and
using a standard 5 mm two-channel probe. Samples were dissolved in DMSO-d6. The
acquisition parameters were as follows: The recycle delay was 1.5 s, the 90° pulse width
was 15.2 µs, the sweepwidth was 9.0 ppm, and the acquisition time was 150 ms. The
number of t1 increments was 400 with four scans per increment. States-Haberkorn phase
cycling was used to obtain phase sensitive data. An additional 1200 points were added to
the F1 dimension via linear prediction, and both t1 and t2 were zero-filled to 4096 data
points and apodized using a Gaussian function prior to Fourier transformation.
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NMR Spectra of Products

Figure 3.11. 13C NMR Spectrum of 2 in CDCl3.

Figure 3.12. 1H NMR Spectrum of 2 in CDCl3.
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Figure 3.13. 13C NMR Spectrum of 3 in CDCl3.

Figure 3.14. 1H NMR Spectrum of 3 in CDCl3.
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Figure 3.15. 13C NMR Spectrum of 4 in CDCl3.

Figure 3.16. 1H NMR Spectrum of 4 in CDCl3.
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Figure 3.17. 13C NMR Spectrum of 5 in CDCl3.

Figure 3.18. 1H NMR Spectrum of 5 in CDCl3.
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Figure 3.19. 13C NMR Spectrum of 6 in DMSO-d6.

Figure 3.20. 1H NMR Spectrum of 6 in DMSO-d6.
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Figure 3.21. 13C NMR Spectrum of 7 in DMSO-d6.

Figure 3.22. 1H NMR Spectrum of 7 in DMSO-d6.
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Figure 3.23. 13C NMR Spectrum of 8 in DMSO-d6.

Figure 3.24. APT Spectrum of 8 in DMSO-d6.
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Figure 3.25. 1H NMR Spectrum of 8 in DMSO-d6.

Figure 3.26. 13C NMR Spectrum of 9 in DMSO-d6.
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Figure 3.27. 1H NMR Spectrum of 9 in DMSO-d6.

Figure 3.28. 13C NMR Spectrum of 10 in DMSO-d6.
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Figure 3.29. 1H NMR Spectrum of 10 in DMSO-d6.
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CHAPTER IV
SYNTHESIS AND RING-OPENING POLYMERIZATION OF 5-AZEPANE-2-ONE
ETHYLENE KETAL: A NEW ROUTE TO FUNCTIONAL ALIPHATIC
POLYAMIDES
Abstract
A functional derivative of ε-caprolactam, 5-azepane-2-one ethylene ketal or γethylene ketal ε-caprolactam, has been synthesized by a very straightforward and highly
efficient Beckmann rearrangement reaction. Homopolymers of this new monomer and its
copolymers with ε-caprolactam have been synthesized by anionic ring opening
polymerization using N-acetyl ε-caprolactam and NaH. The ketone groups can be easily
released by deacetalyzation, and subsequent reaction leads to complete reduction to
hydroxyl pendant groups. The ketone containing (co)polymers impart sensitivity to both
thermal and photo-crosslinking in this novel class of materials. These new aliphatic
polyamides bearing either ketone or hydroxyl pendant groups provide entries into a large
number of application areas.
Introduction
Polyamides or nylons are extremely versatile engineering thermoplastics that
encompass a broad range of applicability in industries. One of the most common types of
polyamide is poly(ε-caprolactam), PCL, also known as nylon 6. The industrial production
of PCL involves either water initiated (hydrolytic) or strong base initiated (anionic) ring
opening polymerization of ε-caprolactam. While the hydrolytic polymerization of εcaprolactam is the most important for commercial production of PCL, high molecular
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weight polymer with defined end groups can be produced very rapidly via anionic
polymerization.1
PCL prepared from ring opening polymerization of ε-caprolactam possess
excellent tensile, flexural and compressive strengths as well as resistance to abrasion and
chemicals due to a high degree of crystallinity.1 Nevertheless, it is desirable to have
aliphatic polyamides having functional groups along the chains in order to tune properties
such as hydrophilicity, crystallinity, solubility and elasticity; to promote (bio)adhesion,
biocompatibility and/or biodegradability; or to label the polymer by attaching other
compounds pendant to the backbone. However, the shortage of polyamides bearing
functional groups is a severe limitation to further progress in this field.
To date, there are only a few reports on polyamides that are formed from the ring
opening polymerization of ε-caprolactam derivatives with functional groups.
Reimschuessel et al. reported the synthesis and polymerization of β-carboxymethyl
caprolactam. The synthesis of this monomer was accomplished in four steps starting from
α-bromocaprolactam. The thermal polymerization of β-carboxymethyl caprolactam
yielded poly[(2,6-dioxo-1,4-piperidinediyl)trimethylene] as a hard crystalline polymer
with a melting temperature of 280 °C. Thus, instead of polyamide with carboxylic acid
pendant groups, a novel linear polyimide was obtained from isomerization
polymerization.2
Racemic and optically active γ-tert-butoxymethyl caprolactam was polymerized
by Overberger et al.3 The monomer was synthesized by a sequence of reactions starting
from 4-benzoloxymethylcyclohexanol. The yields of racemic and optically active
polymer from the anionic ring opening polymerization of γ-tert-butoxymethyl
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caprolactam ranged from 10-56 % with a number average molecular weight of 3000
g/mol. Obtained polymers were treated to remove the tert-butyl protective group to yield
polyamide with hydroxymethyl pendant groups. Although the hydroxymethyl substituted
polyamides were soluble in polar solvents such as methanol, ethanol and 2,2,2trifluoroethanol, they were not soluble in water.
A modified poly(ε-caprolactam) containing sulfonate pendant groups has been
reported by Nijenhuis et al.4 γ-Phenylsulfonate caprolactam was synthesized starting from
4-phenylcyclohexanone. Beckmann rearrangement of 4-phenylcyclohexanone oxime to
yield lactam and sulfonization of phenyl ring were accomplished in one step using
concentrated sulfuric acid. Finally, the alkali salt of γ-phenylsulfonate caprolactam was
prepared by addition of alkali hydroxide. The polymers were synthesized under
hydrolytic ring opening polymerization conditions. While the phenyl sulfonate pendant
groups did not affect the thermal properties of the polymer, it showed a higher zero shear
melt viscosity.
γ-Carboxyethyl caprolactam and γ-aminoethyl caprolactam were used for the
synthesis of hyperbranched aliphatic polyamides. Carboxy- and amino-functionalized
caprolactams were prepared by a multistep synthesis starting from methyl 3-(4hydroxyphenyl)propanoate. Carboxy- and amino-terminated hyperbranched polyamides
were obtained by using the conditions acidolytic formation of poly(ε-caprolactam).
Crosslinked fractions were observed on heating for 48 h for the carboxy system and 4 h
for the amino system.5
As shown by these examples, the typical pathway to functional polymers is based
on functional monomers which are capable of polymerization. The functional groups
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must be selected or protected in such a way that they do not interfere with the
polymerization mechanism. The shortage of examples is generally due to difficulties in
synthesis of new monomers which are generally obtained by rather complex and timeconsuming procedures. The aim of this paper is to report an efficient route to a new
monomer as a precursor for a novel class of (co)polyamides bearing ketone and/or
hydroxyl groups on the polymer backbone.
Results and Discussion
Synthesis of 5-azepane-2-one ethylene ketal (alternatively named as ethylene
ketal substituted ε-caprolactam or KLCL) was accomplished through a modified
Beckmann rearrangement reaction. The classical Beckmann rearrangement conditions
require high temperatures and very strong protic acids such as concentrated or fuming
sulfuric acid, trichloroacetic acid or polyphosphoric acid. In this study, traditional
Beckmann rearrangement conditions led to undesired products. However, the synthesis
of KLCL was successful in the presence of p-TSCl and sufficient NaOH(aq) to maintain
neutrality. A 93% yield was obtained. This procedure is not only very efficient but also
very mild because the reaction takes place at room temperature in a neutral medium. The
schematic representation of the reaction pathway starting from the commercially
available 1,4-cyclohexanedione monoethylene ketal is shown in Figure 4.1.

Figure 4.1. Synthesis of 5-azepane-2-one ethylene ketal (KLCL).
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The polymerization of KLCL was achieved by anionic ring opening
polymerization. The polymerization reaction was carried out in bulk at 140 °C using Nacetyl caprolactam (N-AcCL) and NaH, the ratios of which are given in Table 4.1. The
polymerization was allowed to proceed under N2 atmosphere. Although the
polymerization mixture became very viscous and solidified within 5 min, only 68%
conversion after 3 h of polymerization was calculated from the 13C NMR spectrum of the
crude product. In contrast, ε-caprolactam (CL) (Table 4.1, Entry 4) shows 98%
conversion under the same conditions. In general, the equilibrium monomer
concentration appears to increase with the bulk of substituent on the 7 membered ring
lactams.9,10 Thus, the bulky ethylene ketal group might be limiting the conversion of
KLCL. According to Table 1 the homopolymerization of KLCL reaches 67% conversion
within 1 h and does not change with further reaction time.
Table 4.1
Homopolymerization of KLCL Initiated by N-AcCL in Bulk at 140 °C

a
b

entry

[KLCL]/
[N-AcCL]

[NaH]/
[N-AcCL]

1
2
3
4

90
75
100
100

2.0
2.5
1.5
1.5

Mntheoa
(g/mol)
(× 10-3)
15.4
12.9
17.3
13.3

polym.
time (h)

%
conversion

0.5
1
3
3

61
67
68
98

Mnexpb
(g/mol)
(× 10-3)
15.0
11.1
16.6
13.0

Mntheo, molecular weight calculated from monomer to initiator ratio.
Mnexp, molecular weight determined from NMR end group analysis.

The unreacted monomer was removed by extraction with methanol for 24 h. The
complete removal of monomer was confirmed by 1H and 13C NMR spectra of the
polymer after extraction. The 1H and 13C NMR spectra have also proved the inertness of
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the ketal groups toward the active initiating and propagating species at least under the
experimental conditions (Figure 4.2. and 3.3.).

Figure 4.2. 1H NMR spectra of KLCL (top) and P(KLCL) (bottom).

Figure 4.3. 13C NMR spectra of KLCL (top) and P(KLCL) (bottom).
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13

C NMR end group analysis for molecular weight determination is a useful

technique which has been used for many different nylons in our research group
previously.11,12 The molecular weights were calculated from 13C NMR data using the
relative intensity of the carbonyl peak (at 173.3 ppm, 4) of the N-acetyl end group
resulting from N-AcCL coinitiator and the amide carbonyl peak (at 174.9 ppm, 3) of the
monomer repeat units (Figure 4.4. top spectrum). The molecular weight of PCL was
calculated from the relative intensity of the carbonyl peak (at 173.5 ppm, 4) of the Nacetyl end group coming from N-AcCL in ratio to the amide carbonyl peak (at 176.0
ppm, 3) of the monomer units (Figure 4.4. bottom spectrum). Values obtained are in good
agreement with values calculated from the monomer-to-initiator ratios (Table 4.1.).

Figure 4.4. 13C NMR spectrum (carbonyl region only) in TFE:CDCl3 solvent mixture
P(KLCL) (top), PCL (bottom).
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KLCL and CL were copolymerized using the same polymerization conditions;
i.e., at 140 °C under N2 atmosphere. The copolymer compositions as well as copolymer
sequences were determined by 13C NMR analysis. The carbonyl region and the aliphatic
region of the 13C NMR spectra of both homopolymers and their copolymers are given in
Figure 5. There are four different amide carbonyl groups for the copolymers which is
consistent with random copolymer composition; i.e., the peak at 174.9 ppm corresponds
to KLCL units next to each other, the peak at 176.0 ppm corresponds to CL units next to
each other and the two peaks in the middle (at 175.2 ppm and 175.2 ppm) belong to
alternating units. In addition, the copolymer composition determined from the relative
peak intensities of each monomeric unit is in close agreement with the amount of
comonomers used (Table 4.2.).

Figure 4.5. 13C NMR spectra (carbonyl and aliphatic regions) of homo- and copolymers
in TFE:CDCl3 solvent mixture.
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The experimental molecular weights of P(KLCL) and PCL were calculated from
13

C NMR data as mentioned earlier. Similarly, the molecular weights of the copolymers

were calculated from the relative peak intensities of N-acetyl end groups and combined
main chain carbonyl groups corresponding to each monomer unit.
Table 4.2
Copolymerization of KLCL with CL at Various Molar Compositions (fKLCL)
fKLCLa conv. FKLCLb Mntheoc Mnexpd
Mvf
[η]e
(mol-%) (%) (mol-%) (g/mol) (g/mol) (g/dl) (g/mol)
(× 10-3) (× 10-3)
(× 10-3)
P(KLCL)
100
68
100
17.3
16.6
0.55
18.2
P(KLCLcoCL)
75
70
74
15.9
15.7
0.62
20.5
50
88
48
14.4
14.2
0.71
22.9
P(KLCLcoCL)
P(KLCLcoCL)
25
94
24
12.9
12.4
0.91
30.2
PCL
0
99
100
13.3
13.0
1.09
36.1
sample

a

fKLCL, mol-% of KLCL in feed. b FKLCL, mol-% of KLCL in copolymer. c Mntheo, molecular weight calculated from monomer to
initiator ratio. d Mnexp, molecular weight determined from NMR end group analysis. e [η], intrinsic viscosity measured in TFE at 25 °C.
f
Mv, molecular weight calculated from Mark-Houwink equation8 [η]=5.36 × 10-4 M0.75.

The synthesis of aliphatic polyamides bearing functional pendant groups is shown
in Figure 4.6. The first step is the synthesis of polymer bearing ketal pendant groups.
Deprotection of the ketone groups was carried out with either aqueous HCl solution or
moist trifluoroacetic acid. The ketone groups were then completely reduced to hydroxyl
groups using sodium borohydride. Both 1H and 13C NMR analysis of homopolymers
provide clear evidence for the completeness of each reaction step (Figures 3.7 and 3.8).
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Figure 4.6. Synthesis of functional polyamides.

Figure 4.7. 1H NMR spectra of P(KLCL) (top), P(KCL) (middle) and P(HOCL) (bottom)
in TFE:CDCl3 solvent mixture.
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Figure 4.8. 13C NMR spectra of P(KLCL) (top), P(KCL) (middle) and P(HOCL)
(bottom) in TFE:CDCl3 solvent mixture.
The thermal properties of the polymers and copolymers with ketal, ketone and
hydroxyl pendant groups were analyzed by differential scanning calorimetry (DSC) and
the data are summarized in Table 4.3. Based on these results, this new family of
polyamides appears to show typical semicrystalline polymer behavior. The glass
transition (Tg) values reported here are measured from the second heating scans because
in the first scans very broad transitions were observed which might be caused by the
evaporation of residual solvent. Tg values of P(KLCL) as well as its copolymers are
higher than the PCL homopolymer. On the other hand, the melting temperatures (Tm) and
the melting enthalpies (∆Hm) of the copolymers are lower compared to those of PCL.
This indicates that the rigid ketal groups increase the glass transition temperature while
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inhibiting close packing and decreasing the melting temperature and crystallinity. Tm
values of ketal containing copolymers also support the random copolymer sequence. The
melting endotherms of P(KLCL) are only observed in the first DSC scans and no melting
endotherms are observed for the 75 mol-% KLCL containing copolymer in the first scan
even after annealing at 100 °C for 24 h.
Table 4.3
DSC Data for Homopolymers and Copolymers
sample
P(KLCL)
P(KLCLcoCL)
P(KLCLcoCL)
P(KLCLcoCL)
PCL
P(KCL)
P(KCLcoCL)
P(KCLcoCL)
P(KCLcoCL)
P(HOCL)
P(HOCLcoCL)
P(HOCLcoCL)
P(HOCLcoCL)

comonomer Tmb ∆Hm Tgc
(°C) (J/g) (°C)
(mol-%)a
100:0
143 64
60
75:25
55
50:50
123 21
51
25:75
177 69
47
0:100
222 83
49
100:0
218 202 158
75:25
203 135 127
50:50
182 239 81
25:75
180 78
51
100:0
65
75:25
133d 28d
57
50:50
162 31
56
25:75
196 51
55

a

mol-% of KLCL in feed. b DSC first heating scan.
DSC second heating scan. d DSC scan after annealing
18 h at 100 °C.
c

Quite interestingly, after the deprotection of ketone groups the (co)polymers
showed very broad melting endotherms with very high enthalpy values. In fact, the
melting enthalpy of the P(KCL) is significantly higher than that of PCL. Even more
interesting, while Tg values of the ketal containing (co)polymers are in the range of the
values for typical aliphatic polyamides, significantly higher Tg values were observed with
increasing comonomer content for the ketone containing (co)polymers (Table 4.3). This
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unexpected increase in the glass transition temperatures of the ketone containing
(co)polymers seemed to indicate that a thermal crosslinking reaction was taking place. In
addition, assuming that the crosslinking reaction is endothermic, the high values of
melting enthalpies might be explained. In order to shed more light on this unexpected
thermal behavior, a series of experiments was carried out.
First, the melting behavior of the ketone containing homopolymer, P(KCL), was
observed visually using a capillary melting apparatus. As soon as polymer started to melt,
the color turned pale yellow and extensive bubble formation took place, consistent with
some form of reaction occurring. Second, the films of homopolymer and copolymers
were prepared by melt pressing. The pressed films were yellow in color and contained
trapped bubbles inside. More importantly, they totally lost solubility in the solvents
which can dissolve the polymers before melt pressing. This behavior was observed even
at very low comonomer content; i.e.; 5 mol-%.

Figure 4.9. TGA (left) and DSC (right) thermograms of P(KCL).
Further analysis by TGA revealed a two-stage thermal decomposition process
(Figure 4.9a.). The temperature at which the greatest weight loss was observed in the first
stage before decomposition (derivative temperature curve, Figure 4.9b.) is very close to
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the melting temperature observed in the DSC first heating scan (Figure 4.9d.). This
clearly indicates that a reaction liberating a volatile compound is taking place soon after
melting starts. In addition, the residual wt-% at 600 °C is above 30%, consistent with
crosslinking which facilitates char formation. The TGA curves of ketone containing
copolymers (data not shown here) also show two-stage thermal decomposition and the
percentage of residue at 600 °C increased with ketone comonomer content.
The change in the chemical structure upon heating above the melting temperature
of the polymer could not be investigated by solution NMR analysis because the polymers
became insoluble. Fortunately, solid state NMR experiments enabled monitoring of the
change in chemical composition. As it can be seen in Figures 3.10b. and 3.10c., the
ketone group at 205 ppm completely disappeared upon heating the polymer above its
melting temperature. There is also an obvious change in the aliphatic region, consistent
with the number of methylene groups decreasing from four to three after crosslinking. In
addition to NMR, FT-IR analysis of the melt pressed films (Figure 4.11.) showed
significant reduction of amide and ketone group absorptions, indicative of reaction
between ketone and amide groups after heating. In addition, two new peaks appeared at
1332 cm-1 and 1204 cm-1.
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Figure 4.10. 13C TOSS spectra of a) P(KLCL), b) P(KCL) and c) P(KCL) after melting.

Figure 4.11. FTIR spectra of films a) before and b) after melt pressing.
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Thermal properties of polyamides bearing ketone groups have been analyzed by
Pearce et al.13 The carbonyl groups were introduced to the backbone by the interfacial
polymerization of ketone containing diacid chlorides and diamines. Similar to our results,
they obtained insoluble materials when the polymer samples heated above 300 °C. FT-IR
analysis of the heated samples showed reduction of the peak intensities of ketone and
amide groups. According to our visual observations and spectroscopic analysis as well as
the support from the literature13, one possible crosslinking mechanism involves the attack
of amide nitrogens at the ketone carbonyl with subsequent loss of water and formation of
enamide linkages between chains (Figure 4.12.). Although solid state NMR data for
enamides could not be found in the literature, the peaks at 142 ppm and 97 ppm in the
TOSS spectrum of P(KCL) after crosslinking (Figure 4.10c.) are in close agreement with
chemical shifts in solution NMR spectra of enamides.14 Furthermore, assuming water is
the product of this reaction and all or most of the ketone groups are consumed, the
calculated weight loss is 13.8 % while the actual value determined from TGA (Figure
4.9a.) is 11.8%, in close agreement.

Figure 4.12. Mechanism for thermal croslinking.
The ketone containing polymers are sensitive to not only thermal crosslinking but
also photocrosslinking. The thin films of P(KCL) were irradiated as described in
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experimental section. The FT-IR spectra of the polymer film before and after 5 h
irradiation are given in Figure 4.13. The most distinguishable changes are due to
reduction in the peak intensity of ketone groups (1700 cm-1) and amide groups (1645 cm-1
and 1555 cm-1), especially the NH stretching at 3300 cm-1. However, the reduction in the
peak intensities was not as significant as in the melt pressed films. The FT-IR
photodegradation studies of aforementioned ketone containing AA-BB type nylons
showed similar results.15 In addition to FT-IR analysis, we observed that the films
became insoluble after photolysis, consistent with a photocrosslinking mechanism that
involves reaction of ketone and amide groups.

Figure 4.13. FTIR spectra of P(KCL) a) before UV irradiation, b) after 5 h UV
irradiation.

Conversion of the ketone groups to hydroxyls results in decreases in Tm and
melting enthalpies compared to ketal containing homo and copolymers and PCL
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homopolymer (Table 4.3). In fact, the melting endotherm of P(HOCL) which was
previously precipitated from TFE solution into diethyl ether was not observed for either
first or second scans. In addition, the copolymers containing 75 mol-% HOCL do not
show any melting endotherm in the second scan. Virtually no change in Tg was observed,
however. The hydroxyl containing homopolymer was also soluble in water and methanol
at room temperature. These results are consistent with the hydroxyl groups disrupting
packing and reducing overall crystallinity in the homo- and copolymers.
Conclusion
The synthesis of 5-azepane-2-one ethylene ketal from 1,4-cyclohexandione
monoethylene ketal was accomplished using an efficient and high yielding procedure
under very mild conditions. It homo- and copolymerized efficiently using anionic ring
opening methods. The deprotection of the polymer chains quantitatively released ketone
groups which then could be reduced to hydroxyl pendant groups. The ketone containing
polymers respond sensitivity to both thermal and photo-crosslinking conditions for this
novel class of materials. Indeed, after crosslinking, solubility in organic solvents is lost
and increasingly high glass transition temperatures are obtained with increasing KCL
content. The sensitivity to thermal and photocrosslinking is a special feature of the ketone
containing polymers. In other words, the ketal and hydroxyl containing polymers do not
undergo crosslinking upon heating or UV irradiation. Thus, aliphatic polyamides bearing
ketone and hydroxyl pendant groups can be easily prepared and provide pathways to new
application in a broad variety of uses.
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Experimental
Materials
1,4-Cyclohexanedione monoethylene ketal (>97%) and 2,2,2-trifluoroethanol
(TFE) were purchased from Fluka. Hydroxylamine hydrochloride (99%), ε-caprolactam
and sodium borohydride (>98%) were purchased from Aldrich. p-Toluenesulfonyl
chloride (p-TSCl) was purchased from Acros (>98%). Sodium acetate, sodium
bicarbonate, sodium sulfate (anhydrous), sodium hydroxide and all solvents were
purchased from Fisher Scientific and used as received. ε-Caprolactam was recrystallized
from acetone prior to use.
Synthesis of 4-oximinocyclohexanone ethylene ketal (1)
Hydroxylamine hydrochloride (85.3 mmol) and sodium acetate (85.3 mmol) were
dissolved in 35 mL of H2O in a 250 mL round-bottomed reaction flask. 1,4Cyclohexanedione monoethylene ketal (77.5 mmol) in 145 mL of methanol was added.
The temperature was then raised to 85 ºC and the reaction mixture was allowed to reflux
for 2 h. After evaporation of methanol 10 mL of H2O was added and the aqueous solution
was transferred to an extraction funnel. The aqueous phase was extracted with ethyl
acetate (3 × 100 mL). The combined organic phase was neutralized with aqueous
NaHCO3 (10 wt-%) solution (3 × 50 mL), separated, dried over anhydrous Na2SO4,
filtered and evaporated. The product was further dried under vacuum at room temperature
overnight. 4-Oximinocyclohexanone ethylene ketal (13.0 g, 98%) was obtained in the
form of white crystals, mp 69.7 ºC. Anal. calcd for C8H13NO3; C: 56.13 H: 7.65 N: 8.18;
found: C: 55.98 H: 7.59 N: 8.05. 1H NMR (300 MHz, CDCl3) δ 9.7 (s, 1H), 3.9 (t, 4H),
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2.6 (t, 2H), 2.3 (t, 2H), 1.7 (t, 4H); 13C NMR (75 MHz, CDCl3) δ 158.3, 107.9, 64.3,
34.2, 32.9, 28.7, 21.0 ppm.
Synthesis of 5-azepane-2-one ethylene ketal (2)
Oxime (1) (60 mmol) was dissolved in 170 mL of acetone in a 500 mL round
bottomed flask charged with a magnetic stirrer. Addition of 60 mL of 4N aqueous NaOH
solution was followed by slow addition of p-toluenesulfonoyl chloride (108 mmol)
dissolved in 170 mL acetone. The reaction mixture was allowed to mix 2 h at room
temperature. After the evaporation of acetone 40 mL of H2O was added. The reaction
mixture was then neutralized by drop wise addition of 4N aqueous HCl solution. The
reaction was allowed to proceed overnight at room temperature. The reaction mixture
was transferred into an extraction funnel and the product was separated by extraction
with CH2Cl2 (5 × 200 mL). Combined organic phases were dried over anhydrous
Na2SO4, filtered and the solvent was evaporated. 5-Azepane-2-one ethylene ketal, KLCL,
(9.6 g, 93%) was recrsytallized twice from acetone, mp 104 ºC. Anal. calcd for
C8H13NO3; C: 56.13 H: 7.65 N: 8.18; found: C: 56.26 H: 7.71 N: 8.09. 1H NMR (300
MHz, CDCl3) δ 7.7 (s, 1H), 3.7 (s, 4H), 3.0 (t, 2H), 2.3 (t, 2H), 1.6 (m, 4H); 13C NMR
(75 MHz, CDCl3) δ 178.3, 108.6, 64.0, 38.7, 37.0, 32.5, 30.3 ppm. IR (KBr) ν 3214 (s),
2967 (w), 2896 (w), 1664 (s), 1448 (m), 1114 (s), 896 (m) 507 (w) cm-1.
General procedure for the anionic (co)polymerization
In a typical experiment, monomer or combined monomers (20 mmol) were
weighed and added to a flame dried polymerization tube. The system was purged with
nitrogen for 30 min. After the addition of N-acetyl caprolactam (0.2 mmol) through a
syringe, the polymerization tube was placed into an oil bath adjusted at 140 ºC. The
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reaction mixture was maintained under stirring for 15 min at this temperature before the
addition of NaH (0.2 mmol, 50 wt-% dispersion in mineral oil). The polymerization was
allowed to proceed 3 h under N2 atmosphere. After cooling down to room temperature,
the ground powders of homopolymer were dispersed in methanol, stirred for 24 h and
filtered while the ground powders of copolymers were dispersed in CH2Cl2, stirred for 24
h and filtered in order to remove unreacted monomers. The polymers were dissolved in
TFE and precipitated into diethyl ether.
General procedure for the deprotection of ketone groups
A sample of 0.2 g of (co)polymer was dissolved in 10 mL of aqueous HCl (4 wt%) solution. The mixture was maintained under stirring at room temperature overnight
during which the deprotected polymer precipitated from the solution. After neutralization
with NaHCO3, the polymer was filtered and washed with water several times. The white
polymer powder was dried under vacuum at 50 °C. For the copolymers with high εcaprolactam content (i.e., 75 mol-%) the deprotection of ketone groups was performed
using moist trifluoroacetic acid at room temperature. The deprotected polymer was then
precipitated into water, filtered and dried at 50 °C under vacuum.
General procedure for the reduction of ketone groups
A 1.0 g portion of (co)polymer was dissolved in 35 ml a 5:2 v:v CHCl3:TFE
mixture in a 50 mL round bottomed flask which had been dried and purged with N2.
NaBH4 (0.1 g) was added into the reaction vessel quickly. The mixture was maintained
under stirring at room temperature for 30 min. After filtration, the solvent mixture was
evaporated. The polymer was dissolved in TFE and precipitated into diethyl ether. The
white powder (co)polymer was filtered and dried under vacuum at 50 °C overnight.
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UV Irradiation
Thin films of ketone containing homopolymer, P(KCL), were cast using TFE as a
solvent. The films were dried under vacuum for 24 h and then placed into a quartz box
which was purged with argon for 24 h prior to UV irradiation. The box was then placed
under a medium-pressure mercury lamp with light intensity 40 mwatts/cm2. The quartz
box was continuously purged with argon during irradiation of UV light. The inside
temperature of the quartz box was around 30 °C after 5 h of irradiation so thermal
reaction did not occur.
Characterization
1

H and 13C NMR spectra were obtained in TFE:CDCl3 (70:30 v:v mixture) using

Varian Mercury 300 and UNITYINOVA 500 spectrometers operating at 300 or 500 MHz
for proton and 75 or 125 MHz for carbon, respectively. Solution 13C NMR spectra for the
end group analysis were acquired using the UNITYINOVA 500 MHz NMR instrument.
NMR samples were prepared by dissolving polymers into a 70:30 TFE:CDCl3 solvent
mixture to obtain low viscosity solutions. To maximize signal-to-noise ratio, the samples
were prepared at high concentrations (~25 wt-%) and a large number of scans (20,000,
~18 h) was accumulated. The number average molecular weights of the polymers were
calculated from the peak intensities of main chain carbonyl and end group carbonyl.
Solid-state NMR spectroscopy was performed on a UNITYINOVA 400
spectrometer using a standard Chemagnetics 7.5 mm PENCIL™-style probe. Samples
were loaded into zirconia rotor sleeves, sealed with Teflon™ caps, and spun at 4.0 kHz.
The standard cross-polarization/magic angle spinning (CP/MAS) technique was used
with proton decoupling implemented during data acquisition.6 In addition, the TOSS
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technique was implemented to remove/minimize spinning side bands.7 The acquisition
parameters were as follows: 1H 90° pulse width was 5.5 µs, cross-polarization contact
time was 1.5 ms, dead time delay was 6.4 µs, acquisition time was 45 ms, and recycle
delay between scans was 3 seconds.
FTIR spectra were recorded on an ATI-Mattson Galaxy 5000 FTIR spectrometer.
Thermal analyses were performed on a TA instruments SDT 2960 TGA-DTA at 10
°C/min under nitrogen from ambient temperature to 600 °C and on a DSC 2920 at 10
°C/min under nitrogen from ambient to 250 °C. An Ubbelohde viscometer was used for
the dilute solution viscosity measurements in TFE at 25 °C at low concentrations (in the
range of 0.05 to 0.2 g/dL). The viscosity average molecular weights were calculated
using previously reported Mark-Houwink constants determined for poly(ε-caprolactam).8
Elemental analyses were performed by Quantitative Technologies, Inc.
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CHAPTER V
HYDROGEN-BONDED SUPRAMOLECULAR POLYMERS FROM DERIVATIVES
OF α-AMINO-ε-CAPROLACTAM, A BIOBASED MATERIAL
Abstract
Hydrogen-bonded supramolecular polymers were prepared from the derivatives of
α-amino-ε-caprolactam (ACL), obtained from a renewable resource. Several self
complimentary monomers were synthesized by varying the number of carbons of the
spacer between the hydrogen-bonding end groups. Physical properties of these hydrogenbonded polymers were clearly demonstrated by differential scanning colorimetry, solid
state NMR and X-ray powder diffraction analyses. The supramolecular behavior was also
supported by fiber formation from the melts of these compounds and stable glassy
materials were prepared from the physical mixtures of two different biscaprolactams. The
self association ability of ACL was also utilized by incorporating α-amino-ε-caprolactam
at the chain ends of low molecular weight Jeffamine (Mn=900 g/mol) using urea and
amide linkages. The transformation of this liquid oligomer at room temperature into a self
standing, transparent film clearly showed the improvement in mechanical properties by
the introduction of terminal hydrogen- bonding groups. Finally, the use of monomers
with a functionality of four gave rise to network formation either alone or combination
with bifunctional monomers.
Introduction
Supramolecular polymers are chains of low molecular weight monomers held
together by non-covalent intermolecular interactions such as hydrogen-bonding,
electrostatic or donor-acceptor interaction and metal/ion coordination. In contrast to
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covalent polymers, the defining bonds of these polymers are reversible and the linkage
bond can self-repair when broken. Such materials can be responsive to external stimuli
and convert from polymeric to small molecules allowing them to be more easily
processed or recycled.1
Because of its versatility, directionality and relative strength, hydrogen-bonding is
one of the most widely used intermolecular interactions to form supramolecular
assemblies.2 Hydrogen-bonds are thermally reversible, and display a high degree of
cooperativity which makes temperature one of the most useful external forces to tune
material properties. Linear supramolecular polymers in which the hydrogen-bonding
between end groups defines the main chain of a linear polymeric material are possible. In
addition, the composition of the system can be systematically varied by changing the
relative amounts of the components or using components with different characteristic
length-scales and structures. The first example of hydrogen-bonded supramolecular
polymer was reported by Lehn, at al.3 A supramolecular liquid crystalline polymer was
assembled from a mixture of a bis-uracil monomer and a 2,6-diaminopyridine monomer.
In 1997, Meijer, et al. developed a ureopyridine derivative which assembled via
hydrogen-bonding to form highly viscous dilute solutions, demonstrating that it is
possible to obtain polymer-like rheological behavior from low molecular weight
compounds.4 Bouteiller, et al. showed that mixing two crystalline compounds, bisphenol
A and tetrapyridine, at a 2:1 ratio leads to a stable glass with a glass transition
temperature of 31 °C.5 Other examples include a family of rigid tetrahedral compounds,
triaminotriazine grafted to a tetrahedral tetraphenylmethyl core. Functionalization of
triaminotriazine groups with alkyl chains gives rise to amorphous tectons, with the glass
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transition temperatures of the materials decreasing with increasing chain length.6 It is also
possible to extrude strong fibers from the melts of supramolecular polymers, with the
hydrogen bonds oriented along a preferred direction.7 For example, a low molecular
weight nucleoside derivative, based on guanosine, was fabricated into a macroscale
supramolecular fiber by melt spinning.8,9 Monomers used for the preparation of
hydrogen-bonded supramolecular polymers, either self-complimentary (AA or AB) or
complimentary (AA + BB), have been designed and synthesized, and have been reviewed
in several articles.10-15
Supramolecular self-assembly via hydrogen-bonding is not restricted to low
molecular weight compounds and can be very useful in polymeric systems.
Thermoplastic elastomers possessing good mechanical properties at room temperature
and having a low melt viscosity at elevated temperatures are of interest for many
applications. In recent years, functional groups capable of forming hydrogen-bonds have
been introduced at the chain ends of low molecular weight polymers, resulting in
remarkable rheological and mechanical properties. The end functionalization of
oligomers with strongly dimerizing units yields materials with elastic properties similar
to high molecular weight polymers. Stadler, et al. showed that the hydrogen-bonding
between urazoylbenzoic acid groups enabled chain extension of telechelic
polyisobuylenes16,17 and crosslinking of polybutadienes.18 Here, the crystalline zones
acted as strong crosslinking points that lead to improved rheological and tensile
properties. Bouteiller, et al. studied the functionalization of poly(dimethylsiloxane)s with
bisurea end-groups resulting in the aggregation of the end groups into 3-D crystalline
domains that exhibited elastomeric behavior.19 Rowan et al. reported the synthesis of
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nucleobase-terminated low molecular weight poly(tetrahydrofuran) macromonomers
which self-assembled in the solid state to yield materials with film- and fiber-forming
capability.20 Recently, Meijer et al. showed that a very short siloxane oligomer
functionalized with ureidopyrimidinone displays a narrow rubbery plateau between its 25
°C and 70 °C, whereas non-hydrogen bonded starting compound is a crystalline solid
below, and low viscosity liquid above, its melting point.21,22 The same research group has
extended this approach to the case of low molecular weight telechelic poly(ethylene-cobutylene), polyether, polyester and polycarbonate oligomers.23,24
Noncovalent cross-linking with hydrogen-bonding units is another aspect that has
been used for the preparation of supramolecular polymer networks. Thermoreversible
cross-linked networks have been prepared by both incorporation of hydrogen-bonding
moieties onto the polymer backbone as side chains and end groups, and by addition of
hydrogen-bonding molecules as fillers or cross-linking agents. Chino et al. investigated
the development of a thermoreversible cross-linking rubber having similar mechanical
properties to vulcanized rubber, by incorporating a hydrogen-bonded network.25 The key
moieties were introduced by addition reaction of 3-amino-1,2,4-triazole to maleic
anhydride groups grafted onto polyisoprene. Although the tensile strength and elongation
at break for these hydrogen-bonded systems were lower than carbon black filled
vulcanized rubber, the moduli were as high as those of sulfur-cured materials. Hawker
and Kim et al. described the preparation of polymeric nanoparticles driven by
noncovalent cross-linking of rigid, dendritic self-complementary hydrogen-bonding units.
A polymerizable benzamide-dendron having hydrogen-bonding units was copolymerized
with methyl methacrylate, resulting in the formation of well defined polymeric
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nanoparticles via the chain collapse of linear polymers driven by noncovalent crosslinking of the dendritic side chain units.26 Meijer, et al. demonstrated unusual properties
of supramolecular fillers incorporated in the hard segments of a well-defined
thermoplastic elastomer via hydrogen-bonding interactions.27 Bis(ureido)butylene-based
filler molecules were incorporated into the bis(ureido)butylene hard segment domains of
a poly(caprolactone)-based polyurea. This resulted in stiffer materials without a decrease
in tensile strength or elongation at break. However, a decrease in Young’s modulus was
observed when more than 23 mol-% filler was added. Reversible supramolecular polymer
networks based on melamine- and imide-containing oligomers were reported by
Loontjens, et al.28 The difunctional low molecular weight polytetramethyleneoxide was
functionalized with trimellitic imide and reversibly cross-linked with the trifunctional
melamine. The resulting supramolecular structures showed rhelogical behavior similar to
a polymer network. Sijbesma, et al. described materials in which some of the covalent
cross-links were replaced by dimers of quadruple hydrogen-bonding ureidopyrimidinone
moieties as reversible cross-links.29 A trifunctional polyol was synthesized based on
trimetylolpropane, caprolactone and lactide in which the hydroxyl groups were used to
incorporate the ureidopyrimidionone moities or react with diisocyanates (covalent crosslinker). Introduction of reversible cross-links in addition to covalent cross-links resulted
in improved material strength and toughness.
In summary, supramolecular polymers have gained extensive research interest due
to their important property improvements and processing reversibility. Such assemblies
may yield self-repairing materials,30 reusable adhesives, or recyclable plastics. These
aspects of supramolecular polymers have led to a recent surge in attention concerning this
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promising class of compounds. However, one of the challenges for application driven
research in the area of supramolecular polymers is to design and synthesize monomeric
units that are inexpensive and commercially available or that can be easily synthesized on
a large scale in one or two steps.31
The present work involves i) synthesis of novel, self-complementary monomers
derived from an inexpensive renewable resource, α-amino-ε-caprolactam, by a one-step
high-yield procedure, ii) evaluation of the macroscopic properties of hydrogen-bonded
supramolecular polymers formed from these monomers, and iii) use of these materials in
crosslinked and mixed polymeric systems.
Results and Discussion
The self-complimentary monomers were synthesized by using a one-step, high
yielding procedure starting from α-amino-ε-caprolactam, ACL. ACL is of particular
interest because it is a renewable resource synthesized from the ring closure reaction of
L-lysine monohydrochloride.
In order to study the influence of the structure of the components on the thermal
behavior, several biscaprolactams were synthesized (Figure 5.1.). Aliphatic diacid
chlorides were used to assess the influence of the length of the spacer between the two
hydrogen-bonding units. For this purpose succinic acid chloride (C4ABC), adipic acid
chloride (C6ABC), azelaic acid chloride (C9ABC) and octadecanedioic acid chloride
(C18ABC) were reacted with ACL. L-C6ABC and L-C9ABC were also synthesized
starting from enantiomerically pure L-ACL. In addition, a biscaprolactam derivative
(C6UBC) was synthesized by using 1,6-hexamethylene diisocyanate in order to compare
the effect of the type of hydrogen-bonding moieties (urea linkage versus amide) on the
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supramolecular polymer behavior. The 1H and 13C NMR spectra of the compounds in
TFE:CDCl3 solvent mixture are given at the end of this chapter.

Figure 5.1. Synthesis of biscaprolactams.
Bulk hydrogen-bonded supramolecular assemblies can be classified as amorphous
glasses, elastic materials and macroscopic fibers which can be analyzed by DSC,
dynamic mechanical analysis (DMA) or rheology measurements. In addition, the
dynamics of supramolecular polymers can be examined by solid state NMR analysis.
Here, the thermal properties of the compounds were analyzed by DSC and TGA, the
results of which are summarized in Table 5.1. The DSC scans of the compounds are
given at the end of this chapter.
As can be seen in Table 5.1, all compounds are crystalline solids which
precipitated out during the course of the reactions. However, when heated above their
melting point and then cooled to room temperature, DSC second heating scans of
C4ABC, L-C6ABC, C6ABC, L-C9ABC and C9ABC display glass transitions (Tg),
exotherms due to crystallization (Tc) and finally endotherms due to melting (Tm). This
clearly shows that under suitable experimental conditions, the compounds display
semicrystalline linear polymer-like behavior because of their macromolecular selfassociated architectures. In addition, the association between the end groups must be very
stable for these hydrogen-bonded supramolecular polymers, since repeated heating scans
display the same polymeric behavior. While C6UBC becomes completely amorphous
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after it has melted it exhibits the highest Tg value at 92 °C. The DSC heating scan of
C18ABC does not show Tg and Tc after melting. The most interesting results were
obtained for C9ABC. After it melted the first time, subsequent DSC heating scans show a
Tg , two distinct Tcs and finally a Tm. In order to investigate this unexpected crystallization
behavior, we further analyzed C9ABC and L-C9ABC in detail using DSC, XRD and
solid state NMR spectroscopy.
Table 5.1
Results from DSC and TGA
DSC 1st scan

DSC 2nd scan

TGA

sample

Tm
(°C)

∆Hm
(J/g)

Tg
(°C)

Tc
(°C)

∆Hc
(J/g)

Tm
(°C)

∆Hm
(J/g)

Td a
(°C)

C4ABC

40.1
74.0
108.5

73

130

28.1

248

58.3

269

L-C6ABC

261
297
247

76

135

51.0

229

93.5

282

C6ABC

255

168.1

75

162

99.6

253

133.4

281

C6UBC

244

125.4

92

-

-

-

-

242

L-C9ABC

205

154.7

59.5

103

63.6

204

130.1

301

C9ABC

217

209.8

58

120.5

301

170

147.1

-

57.5
37.6
-

216

C18ABC

106
145
-

155
177

35.1
32.6

313

a

Thermal degradation temperature at 2% weight loss

C9ABC is a crystalline solid with a melting temperature of 216 °C (Figure 5.2a).
After melting, subsequent DSC heating scans show a Tg at 57.7 °C, two distinct Tcs at
105.6 °C and 145.3 °C, and a Tm at 216.1 °C (Figure 5.2b). Repeated heating scans show
the same thermal behavior (Figure 5.2c).
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Figure 5.2. DSC heating curves of C9ABC a) 1st scan, b) 2nd scan and c) 3rd scan.
Interestingly, after melting (Figure 5.3a) and reheating to125 °C (Figure 5.3b), the
glass transition and the first crystallization exotherm are not observed in the third heating
scan, while the second crystallization and the melting remained unaffected (Figure 5.3c)
with a little decrease in the enthalpy values. However, after remelting, the DSC heating
curve again shows the Tg, two distinct Tcs and finally the Tm (Figure 5.3d). This may
indicate that two distinct crystallization events corresponding to two different crystal
structures or crystals with different sizes. When it was melted and reheated back above
the second crystallization temperature, i.e., 165 °C as shown in Figure 5.4c, the glass
transition and both crystallization exotherms disappear and come back only after the
sample is completely melted (Figure 5.4d). This clearly shows that when the compound is
heated above the second crystallization temperature it becomes highly crystalline and the
segmental motions associated with Tg are not observed.
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Figure 5.3. DSC heating curves of C9ABC a) 250 °C b) 125 °C c) 250 °C d) 250 °C.

Figure 5.4. DSC heating curves of C9ABC a) 250 °C b) 165 °C c) 250 °C d) 250 °C.
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It is known that chirality is directly built in the hydrogen-bond pattern. This raises
the question of whether or not these two distinct crystallization exotherms correspond to
two different crystal structures caused by racemic nature of the product. Therefore,
enantiomerically pure C9ABC was synthesized starting from L-α-amino-ε-caprolactam.
L-C9ABC is a crystalline solid with a lower Tm, 204 °C, as compared to DL-C9ABC, 216
°C. After it is melted, DSC heating scans show a Tg at 59 °C, only one Tc at 103 °C and a
Tm at 203 °C (Figure 5.5).
Figure 5.6 shows the overlaid DSC 2nd heating curves of L-C9ABC and DLC9ABC. It can be easily seen that the crystallization exotherm of L-C9ABC is very close
to the first crystallization exotherm observed in the heating curve of DL-C9ABC. This
may indicate that the crystals formed after first crystallization of DL-C9ABC and the
crystals formed after the crystallization of L-C9ABC have the same morphology and/or
size.

Figure 5.5. DSC heating curves of L-C9ABC a) 1st scan, b) 2nd scan and c) 3rd scan.
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Figure 5.6. DSC 2nd heating curves of a) L-C9ABC and b) DL-C9ABC.
X-ray powder diffraction patterns of DL-C9ABC are shown in Figure 5.7. This
compound is highly crystalline prior to any heat treatment (Figure 5.7a). Once it is heated
above the melting temperature, it becomes amorphous (Figure 5.7b). However, after
heating the material above the first crystallization temperature (Figure 5.7c), two
diffraction peaks in the low 2θ region appear at 7.2° and 8.4° (d=1.23 nm and d=1.05nm,
respectively) along with a series of weak peaks between 2θ = 12° and 22° with a
maximum peak intensity at 2θ =18.8° (d= 0.47 nm). When the sample was heated above
the second crystallization transition (Figure 5.7d), the same diffraction peaks are
observed only with enhanced intensities and shifted by 0.2° (2θ =7.4°, 2θ =8.6° and 2θ
=19.0°, d=1.19 nm, d=1.02 nm and d= 0.46 nm). The low angle scattering halo at 7.2º
and 8.4º may represent the distance between the amide groups within the compound,
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while the high scattering halo at 18.8º can be attributed to the average distance between
the two molecules.

Figure 5.7. X-ray powder diffraction patterns of DL-C9ABC.
The XRD patterns for L-C9ABC are shown in Figure 5.8. L-C9ABC is also a
highly crystalline compound. However, unlike DL-C9ABC, after melting two diffraction
peaks appear at 2θ= 7.2° and 2θ =8.4° (d=1.23 nm and d=1.05nm, respectively) (Figure
5.8b). Further DSC analysis (data not shown here) shows that although DL-C9ABC does
not crystallize, L-C9ABC does crystallize upon cooling from the melt, which explains the
diffraction peaks at low 2θ values (Figure 5.8b). This clearly shows that because of the
racemic nature of DL-C9ABC, crystallization from the melt does not take place, whereas
L-C9ABC froms crystalline domains upon cooling from the molten state, with the
diffraction peak intensities enhanced when heated above the crystallization temperature.
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Figure 5.8. X-ray powder diffraction patterns of L-C9ABC.
In order to compare the DL-C9ABC and L-C9ABC after they are heated above
125 °C, XRD patterns are overlaid in Figure 5.9. The diffraction peaks at low 2θ values
appear at the same 2θ degrees with the same d spacing values. It is clear from the DSC
and XRD analysis that the crystals of DL-C9ABC and L-C9ABC formed at 125 °C have
similar sizes. However, no conclusions on the nature of the crystal structures can be
made.
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Figure 5.9. XRD patterns of a. DL-C9ABC and b. L-C9ABC.
Figure 5.10 shows solid state NMR spectra of L-C9ABC and DL-C9ABC, both
as-synthesized and with thermal treatments as described above. Crystalline materials
typically have sharp, well defined peaks compared to the broad peaks observed in
polymers. A higher degree of order for L-C9ABC-As-Synthesized is suggested by the
narrow line widths relative to DL-C9ABC-As-Synthesized. In addition, the carbonyl
present at 181.9 ppm in L-C9ABC-As-Synthesized does not appear in DL-C9ABC-AsSynthesized, indicating differences in crystalline or ordered domain structures. The
downfield carbonyl in L-C9ABC-As-Synthesized shifts upfield 8.6 ppm after melting and
cooling the sample. Furthermore, the most intense carbonyl peak before thermal
treatment was the upfield carbonyl at 170.9 ppm, whereas the most intense carbonyl peak
after thermal treatment was the downfield carbonyl at 176.9 ppm. This suggests different
ordered forms between thermally treated and solvent precipitated L-C9ABC.
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Figure 5.10. Solid state 13C NMR spectra of L-C9ABC and DL-C9ABC.
As mentioned earlier crystalline materials typically have sharp, well defined
peaks compared to polymers. The broadening of the peaks after the samples have been
melted and cooled clearly shows that the mobility of the ACL rings is completely frozen
as soon as these units are incorporated into supramolecularly ordered aggregates. In other
words, the materials exhibit polymer-like behavior after melting. In addition, the
spectrum of the amorphous phase shows broadening of the lines relative to the crystalline
phase when the sample was heated above the crystallization temperatures.
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The macroscopic properties of these supramolecular polymers are also supported
by the fiber formation from the molten state. Approximately 0.25 grams of material was
inserted into a test tube and heated in an oil bath preset to 300 °C. Upon melting, the
material was a low viscosity liquid. The test tube was removed from the oil bath and
partially submerged in water. A spatula was repeatedly dipped into and removed from the
liquid until a fiber formed. The pictures of fibers drawn from C6ABC, C6UBC and
C9ABC are given in Figure 5.11.

Figure 5.11. Pictures of fibers drawn from a) C6ABC, b) C6UBC and c) C9ABC.
The reversibility of supramolecular polymers provides new aspects to many of the
principles of condensation polymerization. For example, a mixture of different monomers
can be used to synthesize copolymers. Copolymers are important because their properties
can be adjusted by altering the monomer composition. In the case of supramolecular
polymers, the preparation of copolymers is very straightforward, since it requires a
simple mixing of different monomers. Compounds C6ABC and C9ABC are crystalline
solids which melt at 255 °C and 217 °C, respectively. If C6ABC is melted and then
quenched, its DSC heating curve displays a glass transition temperature (Tg=75 °C), an
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exotherm due to crystallization (Tc=162 °C) and an endotherm due to melting (Tm=253
°C) (Figure 5.12a). Similarly, if C9ABC is melted and then quenched, its DSC heating
curve displays a glass transition (Tg=58 °C), two exotherms due to crystallization
(Tc1=106 °C, Tc2=145 °C) and finally an endotherm due to melting (Tm=216 °C) (Figure
5.12b). Unlike the pure compounds, when C6ABC and C9ABC are mixed in 50:50
weight ratio and melted, the only feature of the DSC heating scan is glass transition at 67
°C (Figure 5.12c). In other words, a completely amorphous copolymer is obtained by
simply mixing two monomers and heating above their melting temperatures.

Figure 5.12. DSC second heating scans of a) C6ABC, b) C9ABC and c) copolymer.
The Fox equation (1) is generally used to describe the composition dependence of
the Tg for copolymers. It is interesting to see if the composition dependence of Tg of
mixtures of C6ABC and C9ABC can be fitted by the relationships that are applied to
polymers. The glass transition temperatures of the mixtures of C6ABC and C9ABC with
three different compositions were measured by DSC and the corresponding Tg values
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were calculated according to the Fox equation. Figure 5.13 shows that the trend in glass
transition of the mixtures is very similar to the values predicted by the Fox equation.
Although there is not enough data to conclude that the change in glass transition with
comonomer content fits the Fox equation perfectly, this clearly shows that the glass
transition can be varied by changing the feed ratio.
1
Tg

=

w
Tg1

+

1-w

(1)

Tg2

Figure 5.13. Trend in Tg with C6ABC content.
Functionalization of oligomers with strongly associating units yields materials
with elastic properties similar to high molecular weight polymers, examples of which are
given in the introduction section. In this work, we have focused on commercially
available low molecular weight bis(3-aminopropyl)-terminated polyether (Jeffamine)
with a number average molecular weight of 900 g/mol. Similar to the reported
approaches, our strategy is to use amine ends to attach ACL hydrogen-bonding units
through linkers. The resulting materials were characterized with solution NMR and DSC
measurements.

125
NMR analysis allowed an easy identification of peaks corresponding to the end
groups. 13C solution NMR spectra, chemical structures and the pictures of the parent and
end-capped polymers are given in Figure 5.14. Polymers 2, 3 and 5 were synthesized in
order to compare properties to those of ACL end-capped polymer 4 and polymer 6.
Polymers 2, 3 and 5 were synthesized via a one-step procedure, while introduction of
ACL units to the chain ends required a two-step synthetic pathway. In the first step, acid
chloride or isocyanate end groups were introduced by reacting the telechelic amine
groups with excess diacid chloride or diisocyanate. After the removal of excess reactants
by simple precipitation, the acid chloride or isocyanate end groups were reacted with the
amine group of ACL.
The parent amine-telechelic polymer 1 is a liquid at room temperature.
Incorporation of functional groups capable of hydrogen-bonding leads to an increase in
the viscosity. The apparent viscosity of the resulting modified polymers was higher than
that of the parent polymer. It seems intuitive that the strength of the association increases
with the number of hydrogen-bonds involved in the assembly, and the highest viscosity
was observed for polymer 5. While polymers 1,2,3 and 5 are liquids at room temperature
the placement of ACL derivatives on to the chain ends results in marked change in the
thermal and mechanical properties.
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Figure 5.14. 13C solution NMR spectra of end-capped polymers.
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The end functionalization of oligomers with groups that associate with hydrogenbonding results in a strong increase in virtual molecular weight and shows concurrent
changes of mechanical and rheological properties. In fact, end-to-end association via
ACL hydrogen-bonding via amide (polymer 4) and urea (polymer 6) linkages leads to the
formation of solid materials at room temperature. More importantly, polymer 6 shows
dramatically enhanced mechanical properties in the solid state and can form self-standing
films from melt press and solvent casting.
Figure 5.15 shows the DSC heating curves of polymers. Functionalization of the
chain ends with acetic anhydride, hexanoyl chloride and hexylisocyanate (polymer 2, 3
and 5) resulted in decreases in the melting temperature of the polyether backbone as
compared to polymer 1. Remarkably, no phase transitions were observed that can be
attributed to the melting of polyether backbone for polymer 4 and polymer 6. This
indicates that the presence of the ACL units prevents the crystallization of the polyether
backbone.
Most importantly, DSC scans of polymer 6 provided evidence for the formation
of an ordered supramolecular structure (Figure 5.16a). The melting of the
supramolecularly ordered domains in polymer 6 gives rise to an endotherm in DSC
measurements. On heating, an endothermic transition at 125 °C (∆Hm=11.68 J/g) is
observed. However, no crystalline domains were observed in the X-ray powder
diffraction pattern of polymer 6 (Figure 5.16b).
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Figure 5.15. DSC heating scans of polymers.

Figure 5.16. a) DSC heating scan and b) XRD pattern of polymer 6.
Though the same functional group, ACL, is present at the chain end of polymer 4,
the experimental data give no indication for a supramolecular ordering of the functional
groups. Unlike polymer 6, polymer 4 did not show an endothermic transition in DSC
scans and could not form films. The change in physical appearance and the ability to
form films from melt and solution may be indicative of the presence of phase-segregated
crystalline domains that act as physical crosslinkers. Bouteiller,19 Rowan20 and Meijer24
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concluded that even very weak end-to-end interactions can be used to obtain polymers
with film-forming properties when the end groups phase segregate. Hence, in polymer 6,
the noticeable elastic behavior is observed due to a combination of supramolecular
polymerization and phase segregation, while the formation of hydrogen bonds without
segregation is not sufficient to generate elastic properties as in the case of polymer 4. In
short, the nature of the linker joining the ACL group to the polymer chain dramatically
affects the macroscopic properties. When urea linkages are present, aggregation of endgroups takes place and mechanical properties are improved.
Another aspect of condensation polymerization applicable to supramolecular
polymers is the use of monomers with a functionality of three or more to form networks.
To this end, a tetrakiscaprolactam derivative was synthesized to create a hydrogenbonded network. The schematic representation of the synthesis is given in Figure 5.17.
The Michael-type addition of amines to the double bond of α-acrylamido-ε-caprolactam
was used for the synthesis of N,N’-hexamethylene-bis(α-propionamido-ε-caprolactam)
which is also called C6ATC.

Figure 5.17. Synthesis of α-acrylamido-ε-caprolactam and C6ATC.

130
Self-standing transparent films can be cast from solutions of C6ATC; however,
the films are brittle (Figure 5.18). Unfortunately, C6ATC has a very low decomposition
temperature, 200 ºC, which is below the melting temperatures of biscaprolactams, so their
aggregation with C6ATC in the melt cannot be studied. Also, biscaprolactam derivatives
tend to crystallize from solution so we could not form networks by solvent casting.
Therefore, it was decided to use polymer 6 and C6ATC for the preparation of hydrogenbonded networks.

Figure 5.18. Solvent cast C6ATC film.
C6ATC was mixed with polymer 6 and films cast from TFE solutions. While the
films formed from C6ATC and polymer 6 separately are brittle, the mixture of these
compounds yield very strong films. The flexibility of choosing the
polmer/tetracaprolactam ratio provides a useful tool to tune the properties. The pictures
of the films cast from C6ATC:polymer 6 (1:4) mixture are presented in Figure 5.19.
Dynamic mechanical analysis (DMA) of this elastic film revealed storage modulus as
high as 100 MPa at 25 ºC.
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Figure 5.19. Pictures of solvent cast films from C6ATC/polymer 6 mixture.
Conclusion
Supramolecular polymers were prepared from self complementary monomers
associating by hydrogen-bonding. We designed and synthesized molecules that associate
together to form both chains and cross-links via hydrogen-bonding. Linear
supramolecular polymers were prepared from the biscaprolactams which were
synthesized from the reaction of α-amino-ε-caprolactam with diacid chlorides and
diisocyanates. Macroscopic properties of these hydrogen-bonded supramolecular
polymers were clearly demonstrated by differential scanning colorimetry, solid state
NMR and X-ray powder diffraction analyses. The supramolecular behavior was also
supported by the fiber formation from the melts of these compounds. Although the bulk
properties of supramolecular polymers obtained from biscaprolactams are of interest,
these properties are difficult to study because of the tendency of these compounds to
crystallize. To reduce the crystallization while keeping the strong association, mixtures of
molecules with different spacer length are used. While the biscaprolactams form linear
supramolecular polymers, the tetracaprolactam gave rise to network formation. The
hydrogen bonding ability of these compounds were also utilized by incorporation of αamino-ε-caprolactam at the chain ends of low molecular weight Jeffamine (Mn=900
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g/mol) through urea or amide linkages. The transformation of a liquid at room
temperature into a transparent film clearly showed the improvement in mechanical
properties with the introduction of hydrogen-bonded end-groups. In addition by simply
mixing the tetracaprolactam with end-capped polymers, elastic films were formed from
solution. Despite the very low molecular weight of the covalent polyether chains in this
material noticeable elastic behavior was observed due to a combination of
supramolecular polymerization and phase segregation. Thus, depending on the exact
nature of the spacer and the number of hydrogen bonding moieties incorporated it is
possible to tune both the structure and the dynamic character of the assemblies. Their
unique properties, the simplicity of their synthesis, their availability from renewable
sources and the low cost of raw materials promise future applications.
Experimental
Materials
L-lysine monohydrochloride was purchased from Acros. L-α-amino-εcaprolactam hydrochloride, succinoyl chloride, adipoyl chloride, azeloyl chloride,
acryloyl chloride, thionyl chloride, 1,6-hexamethylene diisocyanate and triethyl amine
were purchased from Aldrich. 1,6-Hexamethylene diamine was purchased from Fluka.
Octadecanedioic acid chloride was synthesized from the reaction of octadecanedioic acid
(obtained from Cognis) with thionyl chloride in the presence of N,N-dimethylformamide.
Jeffamine or poly(propylene glycol)-block-poly(ethylene glycol)-block-poly(propylene
glycol) bis(2-aminopropyl ether) with Mn= 900 g/mol was purchased from Aldrich. All
solvents were purchased from Fischer Scientific.
Synthesis
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α-Amino-ε-caprolactam (ACL). ACL was synthesized from the ring closure
reaction of L-lysine monohydrochloride following a previously patented procedure.32
However, the product was not isolated in the form of the hydrochloride salt as described
in the patent; instead it was isolated by sublimation.
Biscaprolactams from α-amino-ε-caprolactam and diacid chlorides or
diisocyanates. The same experimental procedure was followed for the synthesis of all
biscaprolactams. CHCl3 was used as a reaction solvent except for the synthesis of
C18ABC which was carried out in N-methyl pyrrolidone. In a typical experiment, to the
solution of α-amino-ε-caprolactam (0.02 mol) and triethylamine (0.022 mol) in 50 ml
CHCl3 cooled in an ice bath, 0.01 mol of acid chloride was added drop wise while
purging the reaction vessel with N2. The ice bath was removed and purging with N2 was
stopped after 15 min. The reaction was allowed to proceed overnight at room
temperature. The solid product precipitated out from the reaction was filtered and washed
with CHCl3. After drying, the product was dispersed in 50 ml of a CH3OH:H2O (4:1)
mixture, stirred for 30 min, filtered and dried under vacuum overnight. The yields of the
reactions were 90-95%.
The synthesis of enantiomerically pure biscaprolactams was carried out under
Schotten-Baumann conditions. In a typical experiment, L-α-amino-ε-caprolactam
hydrochloride (0.01 mol) was dissolved in 10 ml H2O and 5 ml 4N NaOH (aq) was
added. The solution was then placed in an ice bath, the diacid chloride (0.005 mol)
dissolved in 15 ml CHCl3 was added to the aqueous solution in one portion under stirring.
The product precipitated from the reaction mixture and was filtered and washed with

134
water. After drying, the product was dispersed in 50 ml of a CH3OH:H2O (4:1) mixture,
stirred for 30 min, filtered and dried under vacuum overnight.
The numbers and the letters in the abbreviation for each compound indicate the
number of carbon atoms in the spacer (diacid or diisocyanate) and the type of the linkage
between the spacer and the hydrogen-bonding end-groups (amide or urea). For example,
for the product labeled as C6ABC, C6 refers to the number of carbon atoms in the spacer
(6 carbons of adipoyl chloride), A refers to the amide linkage and BC refers to
biscaprolactam. When L-α-amino-ε-caprolactam is used, the product is labeled as LC6ABC. When 1,6-hexamethylene diisocyanate is used as a spacer, the product is labeled
as C6UBC where U refers to the urea linkage.

α-Acrylamido-ε-caprolactam. To the solution of ACL (1.28 g, 0.01 mol) and
triethyl amine (1.5g, 0.25 mol) in 25 ml chloroform cooled in an ice bath, was added
dropwise acryloyl chloride (0.9 g, 0.01 mol) while purging the reaction flask with argon.
After 15 min, the ice bath was removed and the reaction was allowed to proceed
overnight at room temperature. The reaction mixture was transferred to an extraction
funnel and washed with dilute HCl (aq) (1 × 50 mL), distilled water (1 × 50 mL) and
brine solution (1 × 50 mL), respectively. The organic phase was separated, dried over
anhydrous Na2SO4, filtered and evaporated. The product was further purified by washing
with diethyl ether (1.5 g, 83% yield), mp 177 °C.
Tetrakiscaprolactam from α-acrylamido-ε-caprolactam and 1,6-hexamethylene
diamine.1,6-Hexamethylene diamine (0.29 g, 0.0025 mol) and α-acrylamido-εcaprolactam (2.27 g, 0.0125 mol) were dissolved in 12 ml (3:1, v:v) of a CHCl3:TFE
solvent mixture. The reaction was allowed to reflux for 24 h. After removal of the solvent
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mixture, the product was further dispersed in THF:diethylether mixture, filtered and
washed with ether to remove excess α-acrylamido-ε-caprolactam (1.7 g, 85% yield). The
product was abbreviated as C6ATC, C6 refers to the number of carbon atoms in the
spacer (6 carbons of 1,6-hexamethylene diamine), A refers to the amide linkage and TC
refers to tetracaprolactam.
End-capped Jeffamine derivatives
Polymer 2. Acetic anhydride (1.27 g, 0.0125 mol) was added dropwise to the
solution of polymer 1 (Jeffamine) (4.5 g in 50 ml chloroform) in a 100 ml round
bottomed flask. The reaction mixture was stirred overnight at room temperature. The
reaction mixture was concentrated by the removal of solvent and precipitated into
hexanes. The oily polymer was washed with hexanes several times. The residual acetic
acid was further removed by azeotropic distillation in toluene. The polymer 2 was dried
in a vacuum oven overnight.
Polymer 3. Polymer 1 (4.5 g) and triethylamine (1.26 g, 0.0125 mol) were
dissolved in 50 ml of chloroform in a 100 ml round bottomed flask. The reaction flask
was placed in an ice bath and hexanoyl chloride (1.68 g, 0.0125 mol) was added dropwise
while purging the system with argon. After 15 min the ice bath was removed, the purging
was stopped and the reaction was allowed to proceed overnight at room temperature. The
reaction mixture was then concentrated by the removal of chloroform and precipitated
into diethyl ether. The precipitated triethylamine hydrochloride salt was removed by
filtration. The mixture was then concentrated again by removing diethyl ether and
precipitated into hexane in order to get rid of excess hexanoyl chloride. The viscous
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polymer was washed with hexanes several times. The polymer 3 was dried in vacuum
oven overnight.
Polymer 4. Adipoyl chloride (2.29 g, 0.0125 mol) was dissolved in 30 ml of THF
in a 100 ml round bottomed flask placed into an ice bath. Polymer 1 (4.5 g) and triethyl
amine (1.26 g, 0.0125 mol) were dissolved in 40 ml of THF and added slowly to the
reaction flask while purging the system with argon. After 15 min, the ice bath was
removed and purging was stopped. The reaction was allowed to proceed overnight at
room temperature. The precipitate, triethylamine hydrochloride, was removed by
filtration, the filtrate was transferred into a round bottomed flask and solvent was
removed until the mixture became concentrated. This concentrated solution was
precipitated into hexanes in order to remove excess adipoyl chloride. The viscous
polymer was washed with hexanes several times and dissolved in 30 ml of chloroform.
This polymer solution was then added dropwise into a solution of ACL (1.95 g, 0.015
mol) and triethyl amine (1.5g, 0.25 mol) in chloroform in a 250 ml round bottom flask
placed in an ice bath. The system was purged with argon during the addition. The
reaction was allowed to proceed overnight at room temperature. The precipitate was
removed by filtration and the filtrate was transferred into an extraction funnel and washed
with water (2 × 50 ml) and brine (1 × 50 ml), respectively. The organic phase was dried
over anhydrous Na2SO4 and filtered. The solvent was partially evaporated. To the
concentrated solution, petroleum ether was added until the polymer precipitated. Solvent
was decanted and the polymer was washed with petroleum ether several times. The semisolid, paste-like polymer 4 was dried under vacuum.
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Polymer 5. Polymer 1 (4.5 g) was dissolved in 50 ml of chloroform and
hexylisocyanate (1.76 g, 0.0125 mol) was added dropwise at room temperature. The
solvent was evaporated and the concentrated reaction mixture was precipitated in hexane
to remove excess hexylisocyanate. The viscous polymer was washed with hexanes
several times. The polymer 5 was dried in a vacuum oven overnight.
Polymer 6. Polymer 1 (4.5 g) was dissolved in 50 ml of chloroform and 1,6hexanediisocyanate (2.10g, 0.0125 mol) was added dropwise. After stirring for 5 h,
excess diisocyanate was removed by precipitation of the polymer into hexanes. The oily
viscous material was washed with hexanes several times and dissolved back in 50 ml of
chloroform. To this solution was added a three-fold excess of ACL (0.96 g, 0.0075 mol)
solution in chloroform at room temperature. After completion of reaction, the solution
was concentrated and precipitated into acetone. A pale yellow solid polymer 6 was
filtered, washed with acetone and dried under vacuum.
Characterization
NMR Spectroscopy. 1H and 13C solution spectra were obtained on Varian Mercury
300 spectrometer using TFE:CDCl3 (70:30; v:v) mixture, CDCl3 or DMSO-d6 as
solvents. Solid-state NMR spectroscopy was performed on a Varian UNITYINOVA 400
spectrometer using a standard Chemagnetics 7.5 mm PENCIL™-style probe. Samples
were loaded into zirconia rotor sleeves, sealed with Teflon™ caps, and spun at a rate of
4.0 kHz. The standard cross-polarization/magic angle spinning (CPMAS) technique33
was used with high-power proton decoupling implemented during data acquisition. The
acquisition parameters were as follows: the 1H 90° pulse width was 5.5 µs, the crosspolarization contact time was 1 ms, the dead time delay was 6.4 µs, and the acquisition
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time was 45 ms. A recycle delay of 3 seconds between scans was utilized, and a 1H
decoupling field of 6.5 kHz was implemented during acquisition.
Bloch decay spectra were acquired using a modified version of the DEPTH
sequence34 to suppress background signals due to the probe. The acquisition parameters
were as follows: The 13C pulse width was 5.5 µs, the dead time delay was 6.4 µs, and the
acquisition time was 45 ms. A recycle delay of 60-100 seconds between scans was
utilized.
The number of accumulated transients ranged from 512 to 2048 for CPMAS
spectra and 128 to 512 for DEPTH spectra involving 1-24 hour collection times. Data
were zero-filled up to 128k points and an exponential broadening of 11 Hz applied prior
to application of Fourier transformation. Baselines were corrected when necessary using
a 10th order polynomial.
Differential Scanning Calorimetry (DSC) and Thermal Gravimetric Analysis
(TGA). Thermal analyses were performed on a TA instruments SDT 2960 TGA-DTA at
10 °C/min under nitrogen from ambient temperature to 600 °C and DSC 2920 at 10
°C/min under nitrogen. The experimental details are given in the Results and Discussion
section.
X-Ray Powder Diffraction (XRD). XRD patterns were obtained using a Rigaku
Ultima III X-ray diffractometer using Ni-filtered CuKα radiation (wavelength λ= 1.54 Å)
and operated at 40 kV and 44 mA. XRD data were recorded between 5 and 50° at steps of
0.5 °/min.
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NMR Spectra and DSC Thermograms of Products

Figure 5.20. 13C and 1H NMR spectra of C4ABC in TFE:CDCl3 mixture.

Figure 5.21. 13C and 1H NMR spectra of C6ABC in TFE:CDCl3 mixture.
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Figure 5.22. 13C and 1H NMR spectra of L-C6ABC in TFE:CDCl3 mixture.

Figure 5.23. 13C and 1H NMR spectra of C6UBC in TFE:CDCl3 mixture.
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Figure 5.24. 13C and 1H NMR spectra of C9ABC in TFE:CDCl3 mixture.

Figure 5.25. 13C and 1H NMR spectra of L-C9ABC in TFE:CDCl3 mixture.
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Figure 5.26. 13C and 1H NMR spectra of C18ABC in TFE:CDCl3 mixture.

Figure 5.27. 13C and 1H NMR spectra of ACRCL in DMSO-d6.
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Figure 5.28. 13C and 1H NMR spectra of C6ATC in TFE:CDCl3 mixture.

Figure 5.29. DSC thermograms of C4ABC.
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Figure 5.30. DSC thermograms of C6ABC.

Figure 5.31. DSC thermograms of L-C6ABC.

145

Figure 5.32. DSC thermograms of C6UBC.

Figure 5.33. DSC thermograms of C9ABC.
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Figure 5.34. DSC thermograms of L-C9ABC.

Figure 5.35. DSC thermograms of C18ABC.
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